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ABSTRACT 

Gas-liquid chromatographic methods have been feyel oped which 
provide sensitivity and specificity for the analysis of a wide 
variety of phenolic and anilino compounds of environmental, 
industrial and medicinal interest. Over forty chloro-, nitro-, 
alkyl- and polyhydric phenols, hydroxy derivatives of polyaromatic 
compounds such as 1-naphthol, as well as alkaloid drugs such as 
morphine, were reacted with acetic or propionic anhydride directly in 
basified (NaHCO. ) aqueous solution. The acyl ester derivatives were 
then quantitatively extracted into methylene chloride at nanomolar 
concentration levels. Similarly, a method for the analysis of 
aminophenols and substituted anilines in aqueous samples was 
developed involving a two-step derivatization procedure. Acyl] 
derivatives of the amines, also prepared by direct aqueous acylation, 
were quantitatively extracted into methylene chloride and further 
reacted with trifluoroacetic anhydride to produce highly electron 
Capture sensitive derivatives. Electron capture sensitive 
derivatives of morphine were prepared in alkaline (Na,CO03) aqueous 
solution by reaction with pentafluorobenzoy] chloride using 
acetonitrile as a phase transfer reagent. 

The acylated anilino and phenolic compounds, readily separated 
on packed or capillary gas-liquid chromatographic columns, were 
identified and characterized using flame ionization detection, 
electron capture detection, electron impact- and chemical ionization- 


mass spectrometry as well as_ selected ion monitoring-mass 
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spectrometry. The developed procedures were successfully applied to 
the analysis of trace anilino and phenolic residues in river waters, 
industrial wastewaters, drinking water, melted snow, as well as human 


urine and forensic samples. 
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acetylation, extraction and further reaction with 
trifluoroacetic anhydride. 


Gas-liquid chromatographic separation of 
derivatives of aniline and the aminophenols using a 
packed column and flame ionization detection. 


Gas-liquid chromatographic separation of 
derivatives of aniline and the aminophenol isomers 
using an SP-2100 capillary column with electron 
Capture detection. 


Calibration graphs for acyl derivatives of 
aminophenol isomers and aniline in_- the 
concentration range 5-50 nmoles in 100 mL distilled 
water. 


Computer-reconstructed total ion trace of 
N-acetylated anilines using a 0.2% Carbowax column. 


Gas-liquid chromatographic separation of N-acetyl- 
N-trifluoroacetylanilines using a 3% OV-17 (1.68 m) 
column. 


Gas-liquid chromatographic separation of 2-chloro- 
aniline (1), 3-chloroaniline (2) and 4-chloro- 
aniline (3) as  N-acetyl-N-trifluoroacetyl] 
derivatives. 


Computer-reconstructed total ion trace of 
decomposition products of N-acety1-N-trifluoro- 
acetyl-3-chloroaniline following 14 hr storage at 4° 


ECD calibration graphs for diacylated aniline 
derivatives in the concentration range 1-20 nmoles 
in 100 mL distilled water. 


The monoacy] (A) and diacyl (B) derivatives of 
4-aminophenol, produced by phase transfer reaction 
with chloroacetic anhydride, are easily identified 
by their mass spectra. 


Computer-reconstructed total jon trace of the 


products obtained following the derivatization of 
4-chloroaniline with DCAA and TFAA. 
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Three reaction products, identified by their mass 
Spectra as trifluoroacetyl- (A), dichloroacetyl- 
(B) and dichloroacetyl trifluoroacetyl-4-chloro- 
aniline (C), were obtained by reaction. of 
4-chloroaniline with dichloroacetic anhydride 
followed by trifluoroacetic anhydride. 


As indicated by the mass spectrum, the 30-acetyl- 
morphine derivative is produced by the reaction of 
morphine with acetic anhydride in aqueous alkaline 
solution. 


Blausible mass spectral fragmentation pathways of 
Q-acetylmorphine. 


GLC analysis of derivatized extracts of hydrolyzed 
urine samples (5 mL) using a 3% OV-17 column with 
FID detection. 


Trace concentrations of the chlorophenols included 
in the standard mixture (1) were difficult to 
distinguish from normal constituents found in 
acetylated extracts of human urine (11) using 
FID-GLC. 


Acetylated extracts of a normal urine sample (1) 
contained phenol (1) and p-cresol (4); o-cresol (2) 
and m-cresol (3) were not detected. 


Using SIM-MS (A), the derivatized PCP residue 
present in the acetylated urine sample could easily 
be distinguished from the other natural urinary 
constituents detected by the mass spectrometer in 
total ion current mode (B). 


SIM-MS analysis of an acetylated urine sample 
identified the presence of phenol (1), p-cresol 
(3), 2,3,4,6-tetrachlorophenol (10) and penta- 
chlorophenol (13). 


The metabolism of (A) 2-nitrophenol and (B) 
m-cresol added to Athabasca River water each at 
concentrations of 1 pmole/L. The amount of 
Original phenol remaining was calculated using 
internal standard eddition. 


Gas-liquid chromatograms of acetylated extracts of 
North Saskatchewan River water: (A) Composite 
sample from downstream (east) of the snow dump 
site. (B) Composite sample from upstream of the 
snow dump site. Only phenol (1) was identified by 
FID-GLC. 4,6-Dibromo-o-cresol (2) was added to the 
samples as the internal standard. 
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Gas-liquid chromatogram of an acetylated extract of 
a snow dump site (Sample SDX-81-1). The sample 
contained phenol (1), o-cresol (2), p-cresol (3) 
and two unidentified dimethyl- or ethyTphenols (4). 
Internal standard 4,6-dibromo-o-cresol (5) was 
added to the sample prior to acetylation. 


Gas-liquid chromatogram obtained following aqueous 
acetylation and extraction of 100 mL of tailings 
pond water 6 hr (A) and 48 hr (B) following sample 
collection. 


Acetylated extracts of a 100 mL tailings pond water 
sample (I) contained acetate ester derivatives of 
phenol (1), o-cresol (2), m-cresol (3) as well as 
p-cresol (4). Internal standard, 4-bromophenol 
(5), was added to the sample before analysis. 


Acetylated extracts of a 1 L dyke drainage water 
sample (I) contained only traces of phenol, 
o-cresol and m-/p-cresol; 4-bromophenol was added 
as internal standard. 


Acetylated extracts of a1 L collector ditch water 
sample (I) contained only traces of phenol, 
o-cresol and m-/p-cresol; 4-bromophenol was added 
‘as internal standard. 


Acetylated extracts of a 1 L catchment basin water 
sample (I) contained only traces of phenol, 
o-cresol and m-/p-cresol; 4-bromophenol was added 
as internal standard. 


Comparison of the gas chromatogram obtained 
following extraction of an illicit preparation (B), 
prior to derivatization, with an authentic standard 
containing heroin (A) confirmed that heroin was 
absent from the sample. 


Gas-liquid chromatograms obtained following 
derivatization of an illicit preparation (A) and 
authentic morphine standard (B) with propionic 
anhydride in aqueous solution. 
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LIST OF PHOTOGRAPHIC PLATES 


Syncrude Canada Ltd. oi] sands mining site, north 
of Fort McMurray, Alberta. 


Raw bitumen (right) is converted to the final 
product, synthetic crude (left), by a series of 
upgrading steps. 


Process effluent discharge point into the tailings 
pond. 


Syncrude Canada Ltd. tailings pond. 


Tailings pond drainage water outlets feed leakage 
into a collector ditch. 
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4-AAP 4-aminoantipyrine 

ANI aniline 

AP aminophenol 

BA benzylamine 

BSA N,0-bis(trimethylsilyl)acetamide 

BSTFA N,0-bis( trimethylsilyl) trifluoroacetamide 
BrA bromoaniline 

BrP bromophenol 

CA chloroaniline 

CAA chloroacetic anhydride 

Ct chemical ionization 

CI-MS Chemical ionization - mass spectrometry 
VEE continuous liquid extraction 


3-C1-4-MeA 3-chloro-4-methylaniline 


CRE cresol 

DAI direct aqueous injection 
4,6-DBC 4,6-dibromo-o-cresol 

DCAA dichloroacetic anhydride 
DCP dichlorophenol 

DEGS diethylene glycol succinate 
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EPA 


EtP 
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GCB 
GLC 
GPC 


HFBA 
HF B I 
HMDS 
HPLC 
hr 


kg 


MCP 


electron capture detector (detection) 
electron impact 

electron impact - mass spectrometry 
Environmental Protection Agency (U.S.A.) 


ethyl phenol 


flame ionization detector (detection) 


flame photometric detector (detection) 


graphitized carbon blacks 
gas-liquid chromatography (chromatographic) 


gel permeation chromatography 


heptafluorobutyric anhydride 
heptafluorobutyrylimidazole 


hexamethy1disilazane 
high performance liquid chromatography (chromatographic) 


hour (hours) 


kilogram (kilograms) 


litre (litres) 


metre (metres) 
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SIM-MS 


minute (minutes) 
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CHAPTER I 


INTRODUCTION 


New measurement methods for the detection of trace organic 
residues in complex biological, environmental and forensic samples 
are constantly being developed. Much attention has been focused on 
the analysis of phenolic and anilino compounds of both industrial and 
medicinal importance. Phenols and anilines have been detected in 
sewage effluents, industrial discharges, natural surface waters, 
human tissues and biological fluids. The severe restrictions placed 
on the use of chlorinated pesticides such as DDT, lindane and 
dieldrin have prompted an increased use of biodegradable pesticides. 
Phenols and anilines are decomposition products of many of these 
pesticides. It has been demonstrated that the determination of 
urinary phenolic and anilino metabolites is a sensitive and specific 
method for monitoring exposure to the biodegradable pesticides. Many 
drugs contain phenolic moieties; phenolic groups are also often 
formed during drug metabolism. The medicinal and forensic importance 
of morphine and related alkaloid drugs, for example, has stimulated 
considerable interest in the analysis of these compounds. Despite 
the urgency, many particularly challenging analytical problems 
associated with phenolic and anilino compounds remain unresolved. 
There is a continuous and evergrowing need for the development and 
improvement of techniques for the sensitive and specific analysis of 


these compounds. 
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At the present time, many methods are available for the gas- 
liquid chromatographic (GLC) analysis of phenols and anilines. The 
quantitative GLC determination of these compounds at low 
concentrations is hampered by on-column adsorption and decomposition 
as well as peak tailing. Consequently, most procedures involve a 
preliminary extraction step followed by a derivatization of the 
compounds of interest in organic solvent. While techniques for the 
preparation of derivatives with excellent GLC properties are 
numerous, these methods must be evaluated based on the efficacy of 
the analytical procedure as a whole. A method cannot be considered 
entirely satisfactory if any of the steps in the procedure are 
inadequate. The recoveries of many phenol and aniline residues from 
sample matrices by various liquid-liquid extraction, adsorption or 
distillation techniques are notoriously poor. 

The study described in this thesis was initiated to determine 
whether an analytical method could be found which combines efficiency 
of extraction with sensitivity of detection and quantitation using 
GLC. The use of acyl anhydride reagents for the derivatization of 
phenols and anilines directly in aqueous solution was examined. In 
order to define the capabilities of the method, acyl derivatives of 
morphine and alkaloid drugs, aniline and haloanilines, as well as a 
wide range of alkyl-, halo-, nitro- and aminophenols were prepared. 
The suitability of acyl derivatives for the quantitation of trace 
levels of these compounds in aqueous solutions was assessed in terms 
of extraction efficiency, derivative stability and GLC resolution and 


response characteristics. Derivatization reactions of compounds 
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which contain several functional groups, such as the alkaloid drugs 
and aminophenols, offer invaluable information concerning the scope 
of a derivatization method and its compatibility with other 
Structures present. 

A useful analytical procedure must be capable of quantitatively 
measuring concentrations of phenols and anilines in samples 
containing many, more abundant interferences. It was essential, 
therefore, to determine whether the developed direct acylation 
techniques could be applied to natural samples containing a variety 
of organic constituents. A second major objective of this study was 
the isolation, separation, identification and quantitation of a wide 
variety of phenolic and anilino compounds in_ biological, 


environmental, forensic and industrial samples. 
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A. INTRODUCTION 


Anilines and phenols are common industrial and agricultural 
chemicals whose use, occurence, toxicity, metabolism and degradation 
have been extensively reviewed (1-18). These compounds have been 
identified in drinking water, rivers, sewage, industrial waste, 
aquatic biota, human tissues and biological fluids. Phenol (PHE), 
cresols (CREs) and many alkylphenols are discharged by coal 
conversion plants (19-21), coking industries (22-23), petroleum 
refineries (24-27) and petrochemical plants (25). Dimethylphenols 
(DMPs), CREs and PHE have also been identified in car exhaust (28, 
29). Wastewaters from pulp and paper industries contain detectable 
levels of many simple dihydric, alkyl- and methoxyphenols (22, 25, 30- 
34). These constituents may become chlorinated during chlorine 
bleaching processes. Jolley et al. (35) found that chlorophenols 
were also formed during treatment of secondary sewage by 
chlorination. Chlorophenols (5) are widely used as_ fungicides, 
antimicrobials, wood preservatives and intermediates in the synthesis 
of many agricultural pesticides. At parts per million (ppm) levels, 
toxic effects of phenolic compounds have been demonstrated in many 
species of bacteria, fungi, protozoa, algae and fish (1). Even at 
parts per billion (ppb) levels, phenolics have been linked to 
undesirable tastes and odours in drinking water (1, 36). 

Aninophenols (APs) are common components of hair dyes (13, 22) 
and both APs and anilines ere used in the manufacture of rubber, 


plastic and textiles (37). Aqueous effluents from coal conversion 
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processes such as gasification and liquefaction, contain anilines as 
well as other nitrogenous aromatics in concentrations potentially 
hazardous to aquatic organisms (14, 15). Aniline (ANI) and 
substituted anilines are commonly used in the paint, dye and drug 
industries (38). They are introduced into the environment directly 
as industrial waste, by the combustion of plastics and urethane 
products or as the reduced form of nitrobenzene compounds (39). 

In addition to the industrial sources mentioned above, the 
degradation of many pesticides contributes to the concentration of l- 
naphthol (1-NAP), nitrophenols (NPs) and chlorophenols found in river 
waters and human urine (40). The degradation of N-phenylcarbamate 
and N-phenylurea herbicides (Table I) in soils (41-45), environmental 
water systems and man (18, 4C) is the most common source of anilines. 
Similarly, the phenols shown in Table II are decomposition products 
of many biodegradable pesticides. Although anilino degradation 
products have no herbicidal properties (44), they are often more 
toxic than the parent compounds and persist in the environment 
strongly bound to soil organic matter (44, 45). In addition, they 
may undergo further conversion to persistent and carcinogenic azo 
metabolites (46, 47). Many nitro- and chlorophenols are also highly 
persistent (48). 

The literature dealing with the analysis of morphine and other 
alkaloid drugs is extensive. Of the hundreds of methods available, 
only radioactive, spectrofluorometric, GLC and high performance 
liquid chromatographic (HPLC) methods allow the determination of 


concentrations in the nanogram (ng) range. Although methods using 
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Table I. Decomposition of Certain Herbicides to Aniline Degradation 


Products 
u 
coer I ee 
NH-C-0-C-H aN 
| 2 
R3 pe Rs R 
N-phenylcarbamate _ N-phenylurea 
1 9 3 Degradation 
Class Common Name R R R Product 
I Propham (IPC) -CH, -CH, -H 
0 
I Carbetamide -CH -CNHCH,CH -H 
3 2 ive 
aniline 
II Fenuron -CH -CH -H 
3 3 
II Siduron -H ee -H 
CH. 
I Chlorpropham -CH, -CH. 3-C] 
3-chloroaniline 
I Barban -C=CCHAC1 -H 3-Cl 
i] Monolinuron -CH. -OCH. 4-C] 
i] Buturon -CH., -CH(CH,)C=CH 4-C] 4-chloroaniline 
i Monuron -CH, -CH. 4-Cl 
II Metabromuron -CH. -OCH3 4-Br 4-bromoaniline 
II Chlorotoluron -CH. -CH 3-Cl. 3-chloro-4- 


4-CH. methylaniline 
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Table II. 
‘Products 
Re 
1 
R of \w, 
p4 
I.Nitrophenol pesticides I] 
Type Name RI Re 
TT 
I EPN CH3CH,0-P- -H 
; i 
I Methyl Parathion (CH0),-P- -H 
il 
I Ethyl Parathion (CHCH.0),-P- -H 
Ul 
I Fenitrothion (CH,0),-P- -H 
I Dicapthon (CH,0),-P- -C] 
I 2,4-Dinitrocresol Na- -CH 
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Decomposition of Certain Pesticides to Phenol Degradation 


Chlorophenol pesticides 


3 4 Degradation 
R R Product 
-H -H 
-H -H }4-nitrophenol 
-H -H 
-CH. -H p-nitrocresol 
-H -H 2-chloro-4- 
nitrophenol 
-~H -NO. 2,4-dinitro- 
cresol 
-H = 
2,4-dichloro- 
phenol 
-H is 
ES 6 z 
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2,4,5-Trichloro- 
phenol 
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radioimmunoassay (49) or spectrofluorimetry (50, 51) are highly 
sensitive, they lack specificity. GLC and HPLC have both been used 
successfully for the unequivocal analysis of morphine and other 
alkaloid drugs; only the latter two methods will be included in this 
literature survey. 

Sensitive, specific analytical methods are required to measure 
trace amounts of simple phenols and anilines because of their 
toxicity (11, °52,.53) and their potential -utility as indicators of 
contamination by biodegradable pesticides. Specific methods are 
required for the analysis of morphine and related alkaloids in 
plasma, tissue samples, urine and a wide variety of forensic samples. 
Rossini, Chairman of the Environmental Measurements Advisory 
Committee of the U.S.A. Environmental Protection Agency (EPA) is 
quoted as saying: "There is no substance on earth that has absolute 
zero of impurity in it, nor can man make it so. If we cannot measure 
it we know nothing about it, and when we do measure it the resulting 
figure has associated with it a specific range of uncertainty." (54). 
Considerable effort has been expended to improve the reliability of 
methods for the isolation, separation, identification and quantita- 
tion of phenols and anilines. At ppb levels, many phenolic and 
anilino compounds are of little toxicological significance (1, 55), 
nevertheless, it is important to accurately characterize the 
substances which do occur in order to evaluate possible effects and 
dangers. A brief summary of recent developments and _ procedures 


currently available is now presented. 
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ANALYTICAL METHODS FOR SIMPLE PHENOLS AND ANILINES 


Sample Preparation 


a) Hydrolysis 

Phenols and anilines may be excreted in urine as either 
Salts or conjugates of glucuronic, sulfuric or acetic acid. 
Conjugates must be converted to the free forms prior to 
extraction; alkaline, acid or enzymatic hydrolysis procedures 
are commonly used for most urinary phenols and anilines (40, 56- 
61). Of the three methods, Duran et al. (57) considered acid 
hydrolysis superior for the recovery of normal urinary phenols. 
Prior to 1972, with the exception of the procedure described by 
Nafvk etal. (62), methods: used for the analysis ‘of “chloro- 
phenols in urine did not include a hydrolysis step. Cranmer and 
Freal (63) reported that a single hexane extraction of an 
unhydrolyzed urine sample yielded 90% of the pentachlorophenol 
(PCP) present and Bevenue et al. (64) claimed that refluxing 
urine with concentrated acid before extraction did not increase 
the amount of PCP extracted. In 1974, a hydrolysis step for 
urine was not included in the EPA method for PCP (65) which 
endorsed the findings reported by Bevenue et al. In contrast, 
acid hydrolysis was recommended in EPA procedures for the 
analysis of 1-NAP (66) and 4-NP (67). 

While chlorophenols are primarily excreted in an 


unconjugated form in the urine, conjugation has been 
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demonstrated in several species (2, 68-71). Scheme 1 


illustrates the major metabolic pathways of PCP in mammals (71). 


OH 
Gil Cl 
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Cl eal 


Cl COOH ) 
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0 C1 
Cl Cl 
0 Cl Cl 
2,3,5,6-tetrachloroquinone PCP glucuronide 
Urinary 
Excretion 
Scheme 1. 


Edgerton and Moseman (72) found that PCP concentrations 
determined using methods incorporating an acid hydrolysis step 
were seventeen fold higher than those obtained without 
hydrolysis. It was reported that an acid hydrolysis time of one 
hour (hr) was required for maximum recovery of biologically 
incorporated PCP from urine. Hydrolysis iS now considered 
essential for complete recovery of chlorophenols from urine 
samples (73-76). In 1979, the EPA revised its method for urine 


chlorophenol analysis to include an acid hydrolysis step (77). 
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The rapid method, previously advocated for the analysis of 


urine, iS now recommended only for blood or serum samples. 


b) Extraction 

Separation of phenolic and anilino residues from a sample 
matrix can be accomplished using liquid-liquid extraction, 
continuous liquid extraction, steam distillation or resin 
adsorption. Many different solvents have been used for 
extraction, including toluene (78-80), petroleum ether (78), 
chloroform (25, 79), methylene chloride (25, 76, 82-88), hexane 
(65, 80, 89-93), acetonitrile (94), diethyl ether (95-97), 
benzene (72, 74, 93, 95, 98-100), ethyl acetate (101, 102), 
acetone (103, 104) and a variety of other combinations of 
solvents (73, 75, 89, 105-109). Choice of solvent is affected 
by the composition of the sample matrix as well as the type and 
concentration of the compounds of interest. Ivanov and Magee 
(96) extracted chlorophenols from water with diethyl ether but 
extraction efficiencies for PCP and 2,3,5-trichlorophenol (2,3,5- 
TCP) were much poorer than those achieved using methylene 
chloride (110). For the removal of phenolics from water 
samples, Realini (111) investigated a number of solvents. 
Methylene chloride provided a more complete extraction of 
phenolics than hexane or ether; a two-step extraction procedure 
was developed using the ion-pair reagent tetrabuty]l ammonium 
chloride. Recoveries of 2-chlorophenol (2-MCP), 2,4- 
dichlorophenol (2,4-DCP), p-chloro-o-cresol, 2,4,6-TCP, PCP, 


to -sfaqfons offs 10? nate 


i 


-zatqmee med W pantd 9 P 


ae ores 


in ? ar aes 


brugti-b toot ontew pitat bqnends. - 


wo 


slamse « mort 2aubress ont Fine 


» gertel |? Jari 1G 3I2 enoTioze titans ease eal unr 


sot bead need avaet ainevias gners7tibh yess 987 " a 


(3%) edte swefovtey , (088%) :onmyfet..gathutont Loh 0 
28-S8 3° .2%) abtoofto anefgdsom . (2) ,23) one 
(82-80) torte fyurdtorth , (he) oftartnetaas (82-28. 08 
{S01 101) stetoos fyits (OER ae oh A qSh) o 
ino> vedio Yo ytetuee 6 Gee (80f £01) 9nalam | 
soetts zt jaevioe to sated?  S°MRIHORd 608.6) 4.2%) wank 


bang ogy) off es [fow 26 APaoam, afqmee ede to it i git? 


epeM haa vonevi reeretnt te ebnueddeo aft to natses’ 97005 


vito 6 fydteth tttw  edew MOF a lonatiqoval ta vatreeiiis ie 


> 
- 


‘onan ovo {dolig-8,€—% Se S04 40% sehonstol te sotsiaerias 

a - ~~ 

wt on > hayvetaae 220n9 mons i ogg Foun a a bak 
j re 


fonstiq loner, a7 wot  .f9Lf) br 
fon Yo sodmun os besapiaanent ‘(2L8) bat fash, «aot 
+o nolloeyvilxa alJelqmas 97108 6 sept vor abl isine. ‘ 
atubeoow noliasiixs qet2eiwk & eta 0 arexot nett 


, 


metnomme /y¥tudsitet Jnespert aa: oa — teat 7” 
b.S <(RIM~S) —ae o 


c _ 4 
a8 ae a,° S$ «102092: is + a 
= _ 
<2 


2-NP, 4-NP, 2,4-DMP, 2,4-dinitrophenol and 4,6-dinitro-o-cresol 
were greater than 90% and the recovery of PHE was 75%. 
Lamparski and Nestrick (99) found that benzene gave recoveries 
similar to those obtained with diethyl ether but extracts 
contained fewer interfering solutes. A number of solvent 
extraction systems were investigated by Bruns and Currie (104) 
for the removal of PCP and tetrachlorophenols (TeCPs) from 
carrots and potatoes. Potatoes were best extracted by blending 
for 5 minutes (min) with acidified acetone; carrots required a 
20 hr Soxhlet extraction with the same solvent. Ethyl acetate 
was found to be the most suitable solvent for PCP extraction 
from lettuce (101) while chlorophenols were most efficiently 
recovered from soil with 95% ethanol (112). 

In general, solvent extraction of underivatized phenols 
from aqueous solution is often less efficient than desired (82, 
113). Recoveries of phenols and anilines from aqueous solution 
can be improved by the addition of neutral salts or organic 
reagents (114) but quantitative recoveries are rarely achieved. 
Murray (113) extracted ppm levels of PHE, m-CRE, p-CRE, o-CRE, 
3,4-DMP and 2,6-DMP from a one-litre (L) water sample using a 
single 50 millilitre (mL) aliquot of chloroform; recoveries of 
20%, 39%, 40%, 48%, 81% and 83%, respectively, were achieved. 
It was observed that more than ten sequential chloroform 
extractions would be required to achieve 90% recovery of PHE. 
Lamparski and Nestrick (99) reported that while recoveries of 


60-100% were obtained by benzene extraction in the concentration 
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range 20-40 ng/mL, recoveries from water were poorer at lower 
concentration levels. Large volumes of sample and solvent must 
generally be used to extract a detectable amount of the compound 
of interest. Shackelford and Webb (87) found solvent extraction 
difficult to apply to very contaminated samples due to emulsion 
formation and recommended the use of continuous liquid 
extractors. 

Continuous liquid extraction (CLE) has been used for the 
analysis of bulk water or sediment samples (84, 87, 115). Large 
volumes of water can be processed by CLE, but the procedure is 
time consuming and extraction efficiencies are usually poor. 
Goldberg and Weiner (84) added 5 milligrams (mg) each of a 
number of chloro-, nitro- and alkylphenols to 18 L of water. 
Following a 3 hr CLE with methylene chloride, less than 40% 
recoveries were achieved for PHE, 2-MCP, 4-MCP, guaiacol, o-CRE 
and m-CRE. 

Steam distillation, the American Public Health Association 
standard procedure for the analysis of wastewaters (116), gave 
satisfactory recoveries of most, but not all phenols (115, 117). 
Giger and Schaffner (118) described a procedure which involved 
the distillation of an acidified water sample followed by an 
alkaline extraction to remove nonacidic compounds. 4-MCP and 
other highly soluble phenols such as guaiacol, NPs and PHE were 
not amenable to analysis by the described procedure. Mousa and 
Whitlock (115) recovered greater than 74% of the 2-MCP, 2-NP, 
2,4-DCP, 4-chloro-m-cresol, 2,4,6-TCP and PCP added to a 500 mL 
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water sample at the 0.2 ppm level using steam distillation. 
Recovery of PHE and 4-NP were, however, only 55% and 3.1%, 
respectively. 4-NP forms very strong hydrogen bonds with water 
and cannot be recovered efficiently from aqueous solution using 
Steam distillation. 

As alternatives to recovery by distillation or solvent 
extraction procedures, methods which permit the adsorption of 
trace organic compounds from aqueous solution with porous 
organic polymers (119) such as polyurethane foam (55), Separon 
SE (120), XAD resin (121-123), N-vinyl-2-pyrrolidone polymer 
(124) or ion exchange resins have been developed. Adsorption 
methods are well suited to the recovery of trace organic 
compounds from large volumes of water. Sorbents are selected 
which have a high affinity for the compounds of interest and 
from which retained substances can be desorbed with minimal 
eluant volumes. The degree of success reported for the use of 
Amberlite XAD resins varies considerably. Ramstad and 
Armentrout (125) recovered 95% of 2,4,5-TCP adsorbed onto XAD-2 
resin from aqueous solution using an alkaline methanol eluant; 
the performance of XAD-2 resin was found to be superior to 
charcoal and reverse liquid chromatography phases. XAD-2 resins 
were used by Hunt et al. (126) to isolate and concentrate 
phenols in petroleum wastewaters. The phenolics were desorbed 
from the resin with a sodium hydroxide solution and methylene 
chloride extraction proved to be most suitable for recovery of 


the phenolics from the aqueous phase after desorption from the 
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resin. The overall efficiency of the procedure was, however, 
only 25.4% for 6-chloro-o-cresol. Voss et al. (91) extracted 
adsorbed chlorophenols and chloroguaiacols from XAD-2 resin 
first using acetone and then methylene chloride and reported 
quantitative recoveries. Edgerton et al. (75) passed hydrolyzed 
urine samples through XAD-4 columns and eluted the adsorbed 
chlorophenols with 2-propanol in hexane. Exhaustive cleanup and 
extraction of the resin was necessary before use and interfering 
peaks originating from the resin material were difficult to 
eliminate completely. Recoveries from urine fortified with 0.01 
to 1.00 ppm of chlorophenols averaged better than 80%. 
Voznakova and Popl (120) developed a method for the recovery of 


phenols in the 1-10° 


ppb concentration range from water by 
sorption onto Separon-SE, a styrene-ethylenedimethacrylate 
copolymer. Compounds were heat-desorbed directly onto the GLC 
column for analysis. 

Chriswell et al. (127) determined phenols at ppb to ppm 
levels in natural waters and treated drinking waters by 
adsorption on an anion exchange resin, elution with acetone and 
measurement by GLC using Tenax GC or OV-17 columns. Recoveries 
of greater than 80% were achieved at concentrations of 0.01 to 
1.7 ppm. Renberg (128) applied a similar ion exchange column 
procedure to the isolation of chlorophenols in tissue, soil and 
water. Using the strongly basic Sephadex QAE A-25 anion 
exchange resin, greater than 97% of 2,4,6-TCP, 2,3,4,6-TeCP and 


PCP added to soil at the 0.5 to 1.5 ppm level and to water at 
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the 0.5 to 1.5 ppb level were recovered. Recoveries from tissue 
extracts, spikedawith 0.1 "to 0.3 “ppme2s446-TEPy 629 354¢6-TeCP,and 
PCP were 74%, 90% and 92%, respectively. Stalling et al. (129), 
however, found ion exchange chromatography unsatisfactory for 
processing whole fish extracts since large amounts of fatty 
acids co-extracted with the compounds of interest. Mousa and 
Whitlock (115) investigated the use of anion exchange resins for 
the isolation of chlorophenols from raw industrial wastes with 
no previous cleanup. Although the ion exchange method was 
promising, high concentrations of oils, tars and other 
industrial contaminants caused resin destruction. 

Once extraction into organic solvent has been accomplished, 
many methods require evaporation of the resulting solution to 
drynessit beforercanat ysis. h.(3359 91, ¢96 snl Gi Tid) sjonlt ahas ibeén 
found (76, 111), however, that evaporation causes substantial 
losses of volatile phenols and produces erratic results. 
Solvent volumes have been reduced without solute loss using 


Kuderna-Danish evaporators (25, 88). 


¢) thei eanup 

Earlier reported methods for the determination of phenols 
in. blood, urine and water (64, 65; 130, 131) often did not 
include chromatographic isolation steps. Such preliminary 
chromatographic procedures have now become common practice as 
method detection sensitivities continue to improve. Column 


purification methods have been used both prior to derivatization 
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to remove interfering compounds from the sample extract and 
following derivatization to purify reacted phenols and anilines. 
Introduction of organic contaminants into samples from adsor- 
bents can be avoided by heat treatment or Soxhlet extraction of 
they material epriomtto juse?(132). af Siddcaridel E0025) 207408 183) 4 
Florisil (25) and gel permeation columns (86, 105, 129, 134-136) 
have been used to purify sample extracts. Florisil (86, 89, 
104), silica gel (62, 85, 98, 137-139) and acid alumina (72, 77, 
90, 107, 133) columns are frequently used to clean sample 
extracts following derivatization. Edgerton and Moseman (72) 
concluded that cleanup of urine extracts derivatized with 
diazomethane using acid alumina column chromatography was 
essential for the determination of PCP concentrations below 30 
ppb. It was reported that with column purification, as little 
as | ppb of PCP in a 2 mL urine sample could be detected as its 
methyl ether derivative using GLC with electron capture 
detection (ECD). The EPA (77) adopted the Edgerton and Moseman 
procedure and reported that recoveries of PCP from urine at 
fortification levels of 5 ppb averaged 90%. When methods 
without cleanup were tested, recoveries of less than 80% were 
achieved at fortification levels of 30 ppb or less in urine. 
Edgerton et al. (74) reported the use of acid alumina chromato- 
graphy not only for cleanup of derivatized phenols, but also for 
the separation of these compounds into groups. Two fractions, 
one containing methyl ethers of 2,3,4,6-TeCP, 2,3,5,6-TeCP, PCP 


and pentachlorothiophenol and the other containing methyl ethers 


os 


Mis fasrixe slymer oft mT: ue 


aenbitea bre zfonoiq Satay: ait fri ls sti6vi7s> 


; a Fe : ie 
16> os mor? 2% i ans2 Die osha me tr arn pnd) Yo notte 


10 nobionnaxe Joined vd nisi fig hebtove: sf neo 


yah . ft 
(E62 «OL .804) foo onthe) Seay a. a? an oe 
\ — 

wr .OSt 20 . a3). eqmtas 0 tear foo tre al reteof 
1G 22 | tina x »279G1 ERS of aang “tiwe el woeu mi d svar 


oy weirimiG ref ry o ca. a oe at Sa) a0 miele: 


, / Ps 

(amb? pi M3 EU) f “UPpo ‘T ; a ira “tiem too 4 =z 7) «V0 : ae 
951 ‘aitettisvinsh eatwolfo} 2308 ¥n 

revo satsl Yo qudeets Jet? ‘webu 102 


ipolsme rue | ini nels ios. peten enscromos th 
sno? fayaneades 794 0 caf isaraieieb ef? 0} ini an 922! 

—_ 
(etif 26 _neltenliivm amileg Att Yod3 bs79995" 260 ahs we 7 


isfoatah sd bivod aidmee ani. Jn Ss of SW te oem 
| ae in 
tas9 norsozefs Wotw DWO> pifeb Sy hi6viieb ys _— 


0) wa 


s ‘ a a P 

20M bes rotiepha afd “patgeba (10) A499 ‘sal 
tan? 

on? SIS To 2ef719¥009% gd vd 


a ite! a sal ‘a 


shodiom marth fue bepr is dig 2 


eee 203 wodd e2ef to eervevooat 

: 2 : 

7 ee 

et aeel 9 aati have: 

stemords entewls Bfa6 to any bez 
ne 


aor Ts 
A¢ 


7% ois tud -2fenany posite ; 


. 2q80%p om a 


tss7t owl 


2] 


Of 2,3,4,5-TeCP, tetrachloropyrocatechol and tetrachlorohydro- 
quinone, were eluted from an acid alumina column with 10% 
benzene in hexane and 40% benzene in hexane, respectively. GLC 
analysis of the two fractions individually allowed the 
resolution of methyl ethers of several closely related 
chlorophenols. 

Lamparski et al. (107, 133) purified benzene-hexane 
extracts of tissue or bovine milk samples using small silica gel 
columns. The extracts were methylated and the derivatized 
samples were run through a bed of acid alumina for further 
purification. Using this two-column procedure, a PCP detection 
limit of 10-15 ppb was achieved in both animal tissue (107) and 
bovine milk samples (133). 

Gel permeation chromatography (GPC) is often used to 
isolate phenolic residues from samples with high fat content and 
is recommended by the U.S. Food and Drug Administration for the 
analysis of chlorophenols in foods (86, 135). In the method 
described by Heikes and Griffit (86), PCP extracted from foods 
with methylene chloride was purified by GPC, methylated and then 
further purified by Florisil chromatography prior to analysis. 
Since GPC does not involve adsorption, quantitative recoveries 
might be expected. However, Dougherty and Piotrowska (105) 
reported only a 28% recovery of applied PCP at the 5 ppb level. 
Kueh] and Leonard (134) found that while the use of BioRad SX-2 
(copolystyrene-2% divinylbenzene) permitted separation of PCP 


from Arochlor 1254 and corn oil, cyclohexane elution recovered 
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only 10% of polar organics such as PCP from the column. An 
elution mixture of methylene chloride-hexane (50-50) gave the 
highest recoveries and most complete purification of chloro- 
phenols. Using this procedure, many substituted anilines, 
phenols and other trace organic contaminants were identified in 
fish tissues with recoveries of greater than 80%. 

Stalling et al. (129, 136) investigated the use of alkali 
metal hydroxide-treated silica gels for concentration and 
separation of trace acidic compounds. Silica gels treated with 
lithium, sodium, potassium and cesium metal hydroxides were 
evaluated and phenolics were best retained by the cesium 
hydroxide columns. Acidic residues were isolated from fish 
tissue extracts by a sequential chromatographic process through 


a series of GPC, cesium silicate and carbon foam columns. 


bes Identification and Quantitation 


Following isolation and purification, extracted phenolic and 
anilino residues must be separated, identified and quantitated by an 
appropriate technique. GLC is the most commonly used separation 
technique and new column packings, capillary columns as well as 
derivatives have been developed for this purpose. Specific and 
sensitive detectors are available for GLC, including the mass 
spectrometer in electron impact, chemical ionization and negative 
chemical ionization modes. Improvements in HPLC columns and 


detectors have led to increased use of the technique for trace 
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residue analysis. Instrumental advances as well as analytical 
modifications to reduce interferences and increase sensitivity have 


improved spectrophotometric methods. 


a)  Gas-Liquid Chromatography 

The polarity of phenols and anilines adversely affects both 
their extraction efficiency from aqueous solution and their 
chromatographic properties. GLC analysis generally involves 
both extraction and derivatization steps although direct aqueous 
injection (DAI) methods have also been developed (140-142). 
Acylation, alkylation, silylation and condensation reactions 
(Figure 1) are frequently used to derivatize primary and 
secondary amine groups and hydroxyl groups prior to GLC 
analysis. Such derivatives generally improve chromatographic 
behavior as well as increase sensitivity and selectivity of 
detection. Simple and rapid derivatization reactions using 
stable, pure and easily handled reagents are ideal. Reactions 
Should proceed quantitatively or at least reproducibly and the 
derivatives must be easily separated from unreacted reagents and 


reaction products. 


i Direct Analysis 

Considerable effort has recently been devoted to the 
development of column packings which allow the GLC analysis 
of underivatized phenols either by DAI or following 


extraction from the sample matrix. Bartle et al. (140) 
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) Acylation 
0 


Au 0 
R-C-X ‘esgellyecit 
gO ee ee eR Gok ee 


(X = halogen or good leaving group) 


2) Alkylation 
/ 
R-X / 
RoORe econo =e R-02R HY 
base 
3) Silylation 
CH; 
| 
LHlea wa 
CH; on 
ee R-0-Si-CHs 4 HX 
CH3 
4) Condensation 
~CH-OH , UR &: 
| + R-B(OH), ------> | B-R + H20 
_CH-NH> CH-N 7 


Figure 1. Four basic reactions, acylation (Vy alkviacion sce). 
silylation (3) and condensation (4) are commonly used 
to prepare derivatives for gas-liquid chromatography. 
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described the use of a Tenax GC (143) column coated with a 
polymetaphenyl ether OS-138 liquid phase for DAI and 
reasonably symmetrical peaks were obtained at the ppm 
level. Baker and Malo (141) evaluated various liquid 
phases and solid supports for DAI. Best results were 
obtained with FFAP, a reaction product of Carbowax 20M and 
2-nitroterphthalic acid, coated on a Teflon support; 
phenolics could be quantitated at levels of 1-10 mg/L. 
Monochlorophenols, certain dichlorophenols and m- and 
Pp-cresol isomers were not resolved. Baird et al. (24, 144) 
used 4% dinonyl phthalate on Chromosorb G for DAI analysis 
Of PHEWpICREsZecMEPspeOCPsecand (DMPS einitwastewaters: The 
value of DAI methods is, however, limited by the low 
sensitivity which can be achieved. Interference from the 
water peak, appearance of memory or ghost peaks and the 
instability of GLC detectors in the presence of water vapor 
are some of the problems which hinder trace analysis by 
DAI. Retention times are often irreproducible and water 
strips the liquid phase from the packings, thus decreasing 
column life. 

Phenols, and to a lesser extent anilines, have been 
analyzed gas  chromatographically without derivatization 
following extraction from the aqueous sample matrix (145- 
149). Because hydrogen bonding and polar interactions 
cause poor peak shapes, the analysis of free phenol and 


aniline extracts using conventional untreated GLC column 
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packings is, like DAI, usually restricted to concentrated 
samples. Van Langeveld (103) extracted PCP from toy paints 
with acetone and analyzed the extracts directly using a 15% 
Carbowax column. The underivatized PCP eluted after 18 min 
at 210°C and the minimum detectable concentration was 1 
ppm. Hussain and Kifayatulla (150) analyzed chlorophenols 
uSing untreated SE-30, diethylene glycol succinate (DEGS) 
and Carbowax 20M columns. Several chlorophenol isomers 
were not resolved; GLC peaks were broad and showed some 
tailing. The sensitivity of the method was not specified, 
but trace analysis at the ppb level would not be possible. 

Graphitized carbon blacks (GCB) coated with FFAP (151) 
or PEG 20M (152) have been used for GLC of underivatized 
phenols and substituted anilines. Bacaloni et al. (152) 
described a method for preparing glass capillary columns 
coated with PEG 20M on GCB. The columns were operated in 
gas-solid, gas-liquid or gas-liquid-solid chromatographic 
modes, depending on the amount of stationary phase coated 
on the walls. Columns were made with varying liquid phase 
loadings and while tailing was experienced with some 
columns, a heavy loading of PEG 20M was well suited for the 
chromatography of underivatized phenols and anilines. 
Detection limits were not specified. 

A number of investigators have described methods for 
deactivation of conventional column packing materials to 


minimize tailing. Giger and Schaffner (118) chromato- 
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graphed phenols without prior derivatization on glass 
capillary columns coated with OC-73 and deactivated by 
persilylation. White and Parsley (153) found that 
injection of 2,4-dichlorophenoxyacetic acid on Carbowax 20M 
enhanced the sensitivity and reproducibility of the column 
and allowed the analysis of underivatized chlorophenols and 
chlorocresols in picogram amounts. Bhattacharjee and 
Bhaumik (154, 155) demonstrated that rubidium benzene- 
sulphonate modified with Carbowax 20M and ascorbic acid was 
an excellent stationary phase for the separation of cresol 
and dimethylphenol isomers. When an Apiezon L column, 
Similarly modified, was used in conjunction with the 
rubidium column, complex mixtures of alkylphenols could be 
identified. The two columns were complimentary; compounds 
overlapping on one column were completely resolved on the 
other. Phosphoric acid (H3P0,); the most common 
deactivation agent, has been used to treat columns coated 
with DEGS (95, 156) , Carbowax 20M (157), GCB (158) and 
SP-1000 (106). Ress and Higginbotham (159) demonstrated 
that a variety of polar stationary phases including DEGS, 
Carbowax 20M, ethylene glycol succinate, ethylene glycol 
malonate and ethylene glycol adipate could be used for GLC 
of underivatized phenols following treatment with 2% H2P0). 
Barthel et al. (95) observed that PCP could not be chromato- 
graphed on a phosphoric acid-free DEGS column and _ peak 


tailing was still observed following a 1% acid treatment. 
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Symmetrical peaks were obtained using a 2% H3P0,-treated 
DEGSercolumny ‘anceingjection\ of). 0.02° nae ofeePEPcccould «be 
detected. A number of H2P0,-treated column packings are 
commercially available, including SP-1240 DA (160), SP-1200 
and OS-138 (161). Shackelford and Webb (87) compared 
derivatization methods to direct GLC procedures using 
deactivated columns. For initial quantitative analysis of 
unknown samples, they advocated GLC of underivatized 
phenols on SP-1240 DA. Acid treatment reduces tailing of 
free phenols, however, H2P0, is thermally unstable above 
temperatures of 180°C and is neutralized by basic materials 
resulting in rapid column deterioration (158, 160). Acid- 
treated columns are not suitable for the analysis of 
samples containing impurities which can only be eliminated 
from the column by high temperature baking. 

Shackelford and Webb (87) compared the performances of 
five mistatdonaryensphases (for stheiAGLCee ‘anal ysms:- log 
underivatized phenols. Packings other than SP-1240 DA and 
Tenax GC, including SP-1000, Ultra-bond and SP-2250, proved 
unsuitable for direct chromatography of PCP. 2,4-Dinitro- 
phenol and 4,6-dinitro-o-cresol did not elute from SP-2250, 
SP-1000 or Ultra-bond columns even at the 1000 ng level. 
All five stationary phases gave poor results for the GLC 
analysis of 4-NP at injected concentrations of less than 
100 ng. Column stability as well as the resolution 


efficiency of SP-1240 DA were considered superior to Tenax 
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GC. Temperature programming caused the Tenax packing to 
harden to an impenetrable plug. If the Tenax column was 
maintained at temperatures above 150°C without intermittent 
cooling to room temperature, column life could be 
protonged oe. Gebetugi set “al eS) reported that: YGLE 
properties of several similarly prepared Tenax GC columns 
were not comparable. Van Roosmalen et al. (73) used a 
Tenax GC column to analyze gas chromatographically PHE, 
ZEMC POP 294EDCP, pp2..6-DCPe 244, GeiGRatand Tee; Skis, GarecP 
following a modified Soxhlet extraction of 50 mL urine 
samples obtained from occupationally exposed workers. 
Detection limits ranged from 0.1 mg/L for PHE to 1 mg/L for 
the di- and trichlorophenols. The EPA initially advocated 
the use of Tenax GC for the GLC analysis of phenols; peak 
tailing was, however, observed and most nitrophenols were 
adsorbed at low concentrations (160). SP-1240 DA (162) has 
now replaced Tenax GC (88) as the column packing 
recommended by the EPA for the analysis of phenols. The 
high thermal stability of Tenax GC is still used to 
advantage for the analysis of high-boiling alkylphenols 
(163). 

The analysis of ppb levels of free chlorophenols using 
conventionally coated polyester packings often leads to 
problems of column instability, liquid stationary phase 
bleed and loss of column efficiency and sensitivity. 


Edgerton and Moseman (164) outlined a procedure for the 
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preparation of support bonded polyester column packings. 
Using a double bonded DEGS column, chromatography of free 
chlorinated phenols at subnanogram levels was possible. 
Edgerton et al. (75) used double support bonded DEGS and 
Support bonded butane-1,4-diol succinate for the analysis 
of underivatized chlorophenols extracted from human urine. 
The detection sensitivity for DCPs and TCPs (except 
3,4-DCP, 3,5-DCP and 3,4,5-TCP) was 1 ppb and for the TeCPs 
andv «PCPs was 2) ppb. The GLC response for the meta- 
substituted phenols was relatively poor; sensitivities for 
3,4-DCP, 3,5-DCP and 3,4,5-TCP were 15 ppb, 50 ppb and 50 
ppb, respectively. Lamparski et al. (165) described the 
usewsot sa tbonded “DEGS: column efor the sanalysis sof 
underivatized PCP extracted from preserved wood. Lamparski 
and Nestrick (99) also used a bonded nitro-DEGS stationary 
phase to analyze a series of chlorophenols after 
derivatization with heptafluorobutyric anhydride (HFBA). 
Several high efficiency low-bleed bonded stationary phases 
were compared with nonbonded phases for the analysis of 
phenyl heptafluorobutyryl derivatives. The bonded phases 
possessed longer column stability, and improved efficiency 
and sensitivity; column bleed was minimal and lower 


Operating temperatures were possible. 


ii. Alkyl Derivatives 


The best means of overcoming GLC peak tailing involves 
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the preparation and analysis of less polar derivatives. 
Alkyl ethers of phenols are commonly prepared for GLC 
analysis. Derivatization procedures included in the 
Bevenue and Beckman review (166) of PCP analysis all 
involved the use of diazoalkyl reagents. The diazomethane 
derivatization procedure first introduced by Bevenue et al. 


(64) for the analysis of PCP in urine is shown in Scheme 2. 


Urine sample (25 mL) 
Acidify with concentrated HoS0, 


Extract PCP twice with 15 mL aliquots 
of petroleum ether 


| Evaporate solvent to dryness 


Alkylate residue with diazomethane: 


OH OCH. 
Cl Cl + - Gi CI 
+ CHU=N=N z 4 No (A) 
en Cl Cl Ci 
Cl Gl 
PIGP diazomethane methyl ether 


derivative 


Scheme 2. 


The original procedure has been modified (63, 72, 74, 121) 


and is still widely used (65, 77, 100). The EPA method 
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(77) for analysis of chlorophenols is based on the 
procedures described by Edgerton et al. (74) and Edgerton 
and Moseman (72). PCP as well as chlorinated metabolites 
of PCP and hexachlorobenzene in urine are analyzed by 
ECD-GLC following hydrolysis, benzene extraction and 
derivatization with diazomethane. Recoveries of penta- 
chlorothiophenol, tetrachloropyrocatechol and tetrachloro- 
hydroquinone become low and erratic if the analytical 
procedure is interrupted before the methylation step. 

The Bevenue method for the analysis of urinary PCP has 
also been modified to overcome specific problems associated 
wichimanalysisxofsect her k&bio] ogical 1fluidseh(isOe1 1816s 1674 
168). The method presently recommended by the EPA (169) 
for serum analysis incorporates portions of the methods 
described by Rivers (131) and Cranmer and Freal (63). The 
procedure consists of a 2 hr extraction of the acidified 
sample with benzene, followed by methylation with diazo- 
methane and analysis by ECD-GLC. Recoveries from serum 
samples fortified with PCP were over 90% at concentrations 
of 190 ppb or higher. The lower limit of detection was 
10 ppb. Hoben et al. (170) reduced the serum sample size 
required and incorporated a Florisil cleanup step. Hexane 
was used as the extraction solvent because its toxicity is 
lower than that of benzene and the extraction efficiencies 
of the two solvents were comparable. In areas such as Dade 


County, Florida, where the general population is 


St 4 


7 


> 
- 


= ; 
af? om tezed 2! 2tonetgoaol 


norisat: Hre ie 8! a! pil nos ree 


#90? Lods fen - batenttoalds cod tien 3 
ws 


La 
4 ty 


¥y ; Lp e-F, “bars ge anrwys “at = = ay 


¢ Tsk se4IK4 \ cra he 
‘nan Yo. zahabwOo9 ened sensei tw sotsentie treb 1b 
na tevaries . 5907 rTtogngay |p Fenslgot feral al 


‘cine foe wot Smoned ‘gsnontuport a, 


jove noriniytion ag oried: hearin? 27 ewbaso9: 


‘ 


osH 998 yosdinu sy isos ald SOP hoitamgunaved ‘ott _ 
beatsetaeaes 7 ~ll*epe Smogwavo @2 b9fTi hom aged cfs. 
soivoletd. sonwo to ateyiews. ddtw 

: 7 =e 

° _ 

7 : Jj2T (ry ‘ 7 ¥ T ; 96297 HOA 7 Pail ant «f gal S 
gl 10g aatPewtihysa9 : 2fovlans mowee V0 
; "i 


badtiszeb 
a 


4 

Q 
> 
reo 
f * 
i 
~w 
a 
@ 
~*~. 
« 


want 
5 sft Yo natios¥txe 7 8 6 To 2ierenos mxapiest’ 
via ooltetydtan Vt beweliat ,sneswec Hatw el qmi 


" 


rtaxtoswito 26 SOC seBvo atow 939 cdztw bartrssot aetq 2 
sew Ot )3a%4y Yo Simrh “OND SH .tahetAh <6 7 et -% 


ote siqnn® minge sd? eounet (O°T) te i 29°60 
ase «6 .gere qamsst> Mataeht @ batevoqnoon’ ae 


me 
eet 
} ati s2uscsd Inevige natsgenie ont 25 bem’? 


_ 
eohonni [42% sobfoaties OF ons smear Sid 


= 
eb 34 Wu? 2eeva At 


~ 


OJ) 
< 
+ 
al 
s 
< 
A 


p | eat fel; 04) fave ve 


38 


continuously exposed to PCP, blood serum levels in excess 
of 100 ppb are not uncommon (85, 169). Morgade et al. (85) 
analyzed fifty-eight serum samples for 2,4-DCP, 2,3,5-TCP, 
CRAG OTE P. WIZ s4, SIO R Sy 1253 S4obeleGPig 2,354, 62 TeC Pe 2,52 
dichloro-4-bromophenol and PCP. Using methylene chloride 
extraction followed by diazoethane derivatization and 
ECD-GLC analysis, only PCP was detected in the serum 
Samples and in samples of drinking water. PCP levels in 
water ranged from <30 to 340 ppb and serum samples 
contained 10-120 ppb. Klemmer et al. (171) reported that 
despite mean serum levels of 3.78 ppm PCP in twenty-two 
chronically exposed workers, no clinical abnormalities were 
apparent. 

Diazoalkanes have been used to derivatize many 
different phenols extracted from a variety of sample 
matrices. GLC analysis of pentachloroanisole, prepared 
from pentachlorophenol by methylation with diazomethane, is 
the method currently used by the U.S. Food and Drug 
Administration for the detection of PCP residues in foods 
(86, 135). Although diazomethane (53, 74, 79, 86, 87, 90, 
SMP OOReMO7ERTIZS, 13330070-175)> and dilazoethanen(85, 695 
98, 104, 139, 170, 176, 177) are most commonly used, other 
diazoalkyl reagents such as amyl (89), propyl, isobutyl, 
butyl, hexyl and isoamy] compounds (63, 65, 138) have been 
investigated. Faas and Moore (89) reported that 0.002 ppb 


PCP in sea water could be determined by ECD-GLC analysis of 
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amyl derivatives; 0.01 ppm PCP could be detected in tissues 
as its ethyl ether. Tulp and Hutzinger (172) prepared 
deuteriomethy] derivatives of hydroxychlorobiphenyls by 
reaction with deuteriodiazomethane. A mixture of 
derivatives was obtained and the advantage of deuteration 
for analysis by mass spectrometry was Jost. The 
preparation of several different alkyl ether derivatives of 
the same sample can confirm the suspected identity of 
phenols. The use of alkylating reagents other than 
methylating reagents is also advantageous since methoxy 
derivatives methylated by natural metabolic processes exist 
W33h 1a2, 178). 

Lindstrom and Nordin (33) successfully used diazo- 
ethane to analyze chlorophenols as ethyl ethers in spent 
kraft pulp mill bleach liquors. Shackelford and Webb (87), 
however, found that while the conversion of simple phenols 
to anisoles was nearly quantitative using single pure 
Standards, poor results were obtained for mixtures or 
spiked industrial effluent samples. When PHE, which 
required the longest reaction period, had been quantita- 
tively derivatized, decomposition of other anisoles_ had 
already begun. Complex chromatograms, with several peaks 
for each phenol, were obtained. Hopps (179) reported that 
diazomethane did not react quantitatively with all phenols 
and that undesirable side reactions occurred. Although PCP 


reacts quantitatively and other chlorophenols are converted 
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to methyl ethers with diazomethane, Webb et al. (25) found 
that guaiacol, vanillin and other phenols in kraft paper 
mill wastes gave poor yields. 

Diazoalkane reagents are extremely toxic. and 
potentially explosive. Other alkylating reagents (Figure 
2), including boron trifluoride/methanol (102), methyl 
iodide (79, 172, 178), ethyl iodide (172), dimethyl sulfate 
(180) and pentafluorobenzyl] bromide (87, 181-184), have 
been used as alternatives. Wakimoto et al. (180) 
methylated PCP with dimethyl sulfate and reported GLC 
detection limits of 0.01 ppb in water and 1.0 ppb in soil. 
Webb et al. (25) compared the effectiveness of five 
methylating reagents, dimethyl sulfate, diazomethane, 
methanolic HCl, Methyl-8 and MethElute, for the derivatiza- 
tion of the acid fractions of kraft paper mill effluents. 
Methyl-8 (dimethylformamide dimethyl acetal) did not 
methylate phenols. Dimethyl sulfate gave much better 
yields of phenolic methyl ethers than did diazomethane. 
The reactivity of methanolic HCl for phenol derivatization 
was comparable to that of diazomethane; the acidic methanol 
did not react with vanillin or guaiacol. MethElute, 
(trimethylanilinium hydroxide), an "on-column" methylating 
reagent, also gave results comparable to diazomethane. 

Butte (185) introduced three new methylating reagents 
(Scheme 3), trimethylanilinium acetate (TMAA), trimethy1- 


selenium hydroxide (TMSH) and trimethylselenium acetate 
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a) BF 3/CH0H 


R'—0CH, 
R!_on 
R!—OCH.CH 
oth, 
Ete 
1 
7+ R -o-ti-_\F 
Say 


0) 
| 
g) HCN( H3)5/CH3CH(0CH)., 


No reaction < 


1. phenyl or substituted phenyl ring 
c. MWebbiet tal. mreferences25. 


Figure 2. Some commonly used alkylating reagents for the 
derivatization of phenolic hydroxyl groups: 
a) BF3/methanol, b) dimethyl sulfate, c) methanolic 
HC1, d) MethElute, e) ethyl iodide, f) pentafluoro- 
benzyl bromide, g) Methy1-8. 
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Methylating reagents: 
ea ‘ 13 (3 1 
oe 2 + a a5 - 
Ciao, (0-CCH3) Cli3—Se (OH) Ci amgFe (OCCH) 
TMAA TMSH TMSA 


Reaction mechanism for "on-column" methylation of phenol with TMSH: 


i—( 


Phenol 


ar OCH, 


3 
Gls ee 
a: s CH(0H) = + CoHeSe + H,0 


CH. 


TMSH Anisole 


Scheme 3. 


(TMSA), for use in “on-column” flash methylation 
procedures. TMSH proved to be a more powerful pyrolytic 
methylation reagent than either TMAA or TMSA. For PHE, 
2,3-DCP, 13,4,5-1CP, 2,3,4,5-LeCP, . PCP and) 2.35 5-trimethy| = 
phenol, methylation with TMSH was almost quantitative 


whereas yields of 10-99% were obtained with TMAA or TMSA. 


iii. Acyl Derivatives 
Acyl derivatives are most commonly used for GLC of 


amines. N-acyl derivatives tend to be more stable than 
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Q-acyl derivatives (186). Although diazoalkane reagents 
are still by far most frequently used for. phenol 
derivatization, there has been increased interest in the 
preparation of acyl derivatives. Acid anhydride or acid 
chloride reagents are less toxic than diazoalkanes and 
react rapidly and quantitatively with most phenols and 
amines (186). 

Phenols have been analyzed commonly as acetyl and 
trifluoroacetyl derivatives as well as pentafluoropropiony] 
(187), heptafluorobutyryl (187, 188), benzoyl (189), 
propionyl (76), chloroacety] (8, 190) and dichloroacety] 
(191) derivatives prepared using the corresponding 
anhydride or acid chloride reagents. Lamparski and 
Nestrick (99) investigated the use of heptafluorobutyryl- 
imidazole (HFBI) for derivatization of phenols. While 
derivatives of PHE, MCPs and alkylphenols showed no 
evidence of decomposition after storage at 4°C for 72 hr, 
the heptafluorobutyrates of more highly halogenated phenols 
were much less stable. Trichlorophenols did not react wel] 
with HFBI because of their increased acidity. Similarly, 
amide derivatives of amines have been prepared with many 
different reagents with varying degrees of success (137). 
Of the many reagents tested by Bradway and Shafik (137), 
pentafluoropropionic anhydride (PFPA) was considered best. 
Kirby et al. (192) reported a novel procedure for the 


detection of 4-NP in human urine (Scheme 4). 
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The ethyl ether of 4-NP (I) was prepared using diazoethane 
as described by Shafik et al. (62). For confirmation of 
identity, the p-ethoxynitrobenzene (II) was then reduced 
with chromous chloride and the resulting p-phenetidine 
(III) was converted to the amide (IV) by reaction with 
HFBA. 4-NP was identified in human urine at concentrations 
of 12-26 ng/mL and 18-67 ng/mL in the general U.S.A. 
population and parathion-exposed subjects, respectively. 
Generally, the ECD response to acyl derivatives is 
higher than that of the corresponding alkyl derivatives 
(193). Using thymol as a model compound, McCallum and 


Armstrong (194) compared the ECD sensitivities of ester 
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derivatives prepared using monofluoroacetyl chloride, 
monochloroacetyl chloride, PFPA, HFBA and pentafluoro- 
benzoyl chloride (PFBC) with those of ether derivatives 
prepared using pentafluorobenzyl bromide and 2,4-dinitro-1- 
fluorobenzene (Figure 3). Pentafluoroaryl derivatives 
provided the greatest detection sensitivity and the penta- 
fluorobenzoate was superior to the pentafluorobenzyl ether. 
The detection limit for the thymol pentafluorobenzoate was 
1 picogram (pg). 

Acetic anhydride is commonly used for derivatization 
of phenols in extracts of plant and animal tissues (30, 
101, 195)eemilk (93), biological fluids (76) and natural 
waters (30, 78, 196, 197). The acetate esters are prepared 
quantitatively and have excellent GLC properties (30). The 
method reported by Rudling (30) for the acetylation of PCP 
with acetic anhydride involved several sequential 
extraction steps followed by derivatization. Similarly, a 
number of other acetylation methods require’ preliminary 
extraction of the phenol from an acidified sample matrix 
into ethyl acetate (101), hexane (30, 195), benzene (8, 93, 
196) or toluene (78, 80) followed by a back extraction into 
basic aqueous solution. The chlorophenols in the basic 
solution are then acetylated, re-extracted into organic 
solvent and analyzed gas chromatographically. Wegman and 
Hofstee (78) used a modification of the acetylation method 


described by Krijgsman and Van de Kamp (80) for 
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Relative 
Derivatizing Reagent Derivative Sensitivity 
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2. Electron capture detection sensitivity expressed relative 


to that of thymol heptafluorobutyrate. 


Figure 3. Thymol derivatives and their relative electron capture 
detection sensitivity. Derivatization reagents: a) penta- 
fluorobenzoyl chloride, b) pentafluorobenzy1 chloride, 

c) pentafluoropropionic anhydride, d) heptafluorobutyric 
anhydride, e) 2,4-dinitro-1l-fluorobenzene, f) monochloroacety] 
chloride, g) monofluoroacetyl chloride. 
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determination of chlorophenols in surface water samples in 
the Netherlands. The practical limits of detectability of 
the acetate derivatives of MCPs, DCPs, TCPs, TeCPs and PCP 
by capillary GLC with ECD were 2 micrograms (ug)/L, 0.05 
Mg/L, 0.02 ug/L, 0.01 wog/L and 0.01 wog/L, respectively. 
Greater than 85% recovery of chlorophenols was achieved 
using the back extraction method +: with capillary GLC 
nineteen chlorophenyl acetates including three monochloro- 
phenols, six dichlorophenols, six trichlorophenols, three 
tetrachlorophenols and PCP could be resolved. The chloro- 
phenols found most frequently and in highest concentration 
were 2,6-DCP, 2,4,5-TCP, 2,4,6-ICP, 2,3,4,6-TeCP and PCP. 
The major disadvantage of all of the acetylation reactions 
so far described is that the derivatization is performed 


following a complex series of extraction and _ back 


extraction steps. 


iv. Other Derivatives 

In addition to alkyl ether formation and acylation, a 
number of other methods have been reported for the 
derivatization of phenols and anilines prior to GLC 
analysis. Table III lists a few of the many reagents which 
have been used for the preparation of silyl derivatives of 
phenolic hydroxyl groups (84, 102, 108, 113, 120, 198-200). 
Amines are less frequently analyzed gas chromatographically 


following silylation since the N-trimethylsilyl derivatives 
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Table III. Silylating Reagents Used to Derivatize Phenolic Compounds 
Prior to Gas Chromatographic Analysis 


Common 
Reagent Abbreviation Structure 
N,O-Bis(trimethylsily])- BSA (CH) .Si-0-C=N-Si(CH3). 
acetamide | 
CH. 
N,0-Bis(trimethylsilyl )- BSTFA (CH) ,Si-0-C=N-Si (CH), 
trifluoroacetamide 
CF 
Hexamethyldisilazane HMDS (CH) ,Si-N-Si (CH), 
H 
Trimethylchlorosilane TMCS (CH) .Si-Cl 
N-Methy1-N-trimethylsily1 : pe 
heptafluorobutyramide CF5-C-N-Si (CH), 
Pentaf luoropheny1- flophemesy!] F F 
dimethylsilyl chloride chloride CH 
3 
| 
F Si-C] 
| 
CH 
F sadeer 
Pentafluoropheny]- flophemesylamine hi F 
dimethylsilylamine fe 
F Si-NH 
ly 
F ayes 
Pentafluoropheny1- flophemesy1 - F F 
dimethylsilyldiethylamine diethylamine ie 
E ST -N(COHs )o 
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are much less stable than the OQ-trimethylsilyl derivatives 
(186). Stalling and Hogan (198) formed trimethylsilyl 
(™S) derivatives of chlorophenols by reacting them with 
N,O-bis(trimethyl sily])trifluoroacetamide (BSTFA) in aceto- 
nitrile at 60°C for 15 min. Silyl derivatives of phenols 
have also been prepared using hexamethyldisilazane (HMDS) 
(84), N,O-bis(trimethylsilyl)acetamide (BSA) (102, 120), 
trimethylchlorosilane (TMCS) (174) or combinations of these 
reagents. Tri-Sil (113, 200), a commercially available 
solvent-reagent-catalyst formulation containing pyridine, 
HMDS and TMCS has, for example, been used to silylate 
phenolic hydroxyl groups. 

TMS derivatives have excellent GLC properties and the 
mass spectra of these compounds commonly contain abundant 
m/2pnGM=15)etorigmsz ink (tons. Both fragment ions are 
consistently produced and are suitable for detection by 
selected ion monitoring mass spectrometry. Stalling and 
Hogan (198) identified compounds containing a chlorine atom 
ortho to the O-TMS group by the ratio of m/z 93 to m/z 
(M-15) fragments. Bjorseth et al. (108) reported an 
"on-column" method for the silylation of phenols using 
BSTFA. Underivatized sample extracts in butyl acetate were 
injected on the GLC column followed immediately by an 
injection of BSTFA. The efficiency of the "on-column" 
silylation reaction was not reported. Matsumoto et al. 


(102) analyzed the phenols in extracts from two urban 
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rivers in Tokyo following a two-step derivatization 
procedure. Phenols, extracted into ethyl acetate from 
acidified aqueous solution, were first methylated with 
boron trifluoride/methanol, hydrolyzed to free phenols with 
base and then silylated with BSA. Radmacher (201) 
developed a new’ silylating reagent, N-methy1-N- 
trimethylsilyl heptafluorobutyramide. This reagent and the 
pentafluoropropionamide and pentafluorobenzamide analogues 
contained more fluorine atoms than BSTFA and reduced silica 
fouling of flame ionization detectors. 

Both phenols and amines can be detected gas chromato- 
graphically in the picogram and femtogram range following 
derivatization with the pentafluorophenyldimethylsily] 
reagents flophemesyl chloride, flophemesylamine and 
flophemesyldiethylamine (202, 203). As is the case with 
other silyl derivatives, the presence of the flophemesy] 
group influences the fragmentation of the derivatives and 
strong silicon-containing diagnostic fragments are formed 
which are suitable for single and selected ion monitoring. 
The flophemesyl derivatives have good chromatographic 
properties, excellent thermal stability and _ high 
sensitivity to ECD. Derivaetrzaclone rs = rapid. dnd 
quantitative. Like TMS ethers, however, the flophemesyl 
compounds are very sensitive to hydrolysis. 

Dinitropheny] and trifluoromethyl dinitropheny] 


derivatives have been prepared for ECD-GLC analysis of 
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anilines (415° "2047!" “and **phenol s™ (205=209 )* These 
derivatives, usually prepared by reaction with the 
appropriate halide reagent in the presence of base, have 
strong electron-capturing properties which compare 
favorably with derivatives prepared by reaction with 
chloroacetic anhydride or pentafluorobenzyl bromide (205). 
Farrington and Munday (206) extracted TCPs, TeCPs and PCP 
from chicken flesh and prepared 2,4-dinitropheny] (DNP) 
derivatives by reaction with 2,4-dinitro-l-fluorobenzene in 
the presence of pyridine as a catalyst. Using this 
procedure, recoveries of 85-92% were obtained for 2,3,4,6- 
TeCP and PCP added to tissue samples at 0.04-0.4 mg/kg 
levels. Cohen et al. (205) compared several methods for 
the preparation of DNP derivatives of phenols using 
2,4-dinitro-l-fluorobenzene but, even under the most 
rigorous conditions, yields of many of the phenols tested 
were poor. Seiber et al. (207) prepared derivatives of 
phenols by reaction with 4-chloro-%“,o<,*-trifluoro-3,5- 
dinitrotoluene. Using the described procedure, phenol 
levels below 2.5 ppb could be detected by ECD-GLC. The 
2,6-dinitro-4-trifluoromethyl phenyl derivatives were 
compared with DNP and pentafluorobenzyl ethers. The three 
types of derivatives were found to be similar in terms of 
preparation and stability. The ECD responses were highest 


for the pentafluorobenzyl derivatives. 
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Heenan and McCallum (210) monitored phenols using GLC 
with a flame photometric detector (FPD) following 


derivatization with diethyl chlorophosphate as shown in 


Scheme 5. 
CH OH CH TaN 
3 0 3 OCH,CH 
3 eC 1 P=2 OCHA CH. o* 2 sores ° 
CH | oe benzene/ CH 
3 OCH,CH. t-butanol 3 
Thyme! diethy] Phosphorylated 
chlorophosphate derivative 


Scheme 5. 


While many phenols including thymol, isoeuginol, 4-NP, 
2-NAP and 2-methoxy-4-methylphenol reacted readily, 
hindered phenols such as vanillin and 2,4,6-tritertiary- 
butyl phenol could not be analyzed using this method. The 
ECD analysis of phenols as pentafluorobenzoate derivatives 
was five times more sensitive than FPD analysis of the 
corresponding phosphorylated derivatives. 

Phenols (28) and anilines (109, 211) have both been 
analyzed by ECD-GLC following reaction with bromine. 
Wegman and de Korte (109) detected ANI, 2-, 3- and 
4-chloroaniline (CA) and 3,4-dichloroaniline in Rhine River 


water at concentrations from 0.15 to 3.0 ug/L. The minimum 
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detectable concentrations of anilines in surface waters 
following extraction and bromination were 5-15 ng/L. 

The major metabolites of polychlorinated biphenyls 
(PCBs) are hydroxylated compounds. Tulp and Hutzinger 
(172) characterized these metabolites in their studies of 
the toxic effects of PCBs. Cyclic n-butylboronates of 
ortho-chlorobiphenyldiols were prepared using n-butyl 
boronic acid in dimethyl formamide and 2,2-dimethoxypropane. 
Cyclic derivatives of 2,5-dichloro-2',3'-biphenyldiols and 
2,5-dichloro-3' ,4'-biphenyldiols were prepared. The 
synthesis of the n-butyl boronates unambiguously 
distinguished ortho-chlorobiphenyldiols from other isomers. 

In addition to acylation procedures, other methods for 
the direct derivatization of phenols in aqueous solution 
have been reported. Makita et al. (212) and Yamamoto et 
al. (213) found that alkyl chloroformates react readily 
with phenolic hydroxyl and amine groups directly in 
alkaline aqueous medium to produce the corresponding O- and 
N-alkyloxycarbonyl derivatives as shown in Scheme 6. 

O-Isobutyloxycarbonyl derivatives of eighteen 
representative alkyl-, halo- and nitrophenols were stable 
at room temperature for up to one week and recoveries were 
almost quantitative. Makita et al. (212) applied the 
method to the analysis of PHE and p-CRE in urine. Yamamoto 
et al. (213) prepared derivatives of twelve amines using 


methyl, ethyl, isobutyl, n-butyl] and n-amyl chloroformates 
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CH CH NH, CH CH w-U-O-R 
: 10% Na,CO, 
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H.0 
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Tyramine 


N,O-alkyloxycarbony] 
derivative 


R=methyl, ethyl, isobutyl, n-butyl, 
n-amy 1] 


Scheme 6. 


and concluded that the ethoxycarbonyl derivatives were most 


suitable for GLC. 


b) Mass Spectrometry 

Samples analyzed for trace levels of anilines and phenols 
are often complex mixtures containing high concentrations of 
industrial or natural organic compounds. With such samples, GLC 
retention times cannot be used for unequivocal identification 
because many components in the samples may possess coincident 


retention times. In such instances, mass spectrometry (MS) can 
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provide both specific and sensitive detection. While a number 
of other techniques, such as p-value determination (77) or 
ultraviolet (UV) photodecomposition (93) are available, chemical 
ionization (CI), negative chemical ionization (NCI) or electron 
impact (EI) MS are most commonly used to confirm the suspected 
identity of organic components (25, 214). 

MS has been used not only for secondary confirmation but 
also for primary detection and quantitation. Freudenthal (215) 
described a method which used MS as an element-specific detector 
for various halogenated compounds in Rhine River water; the 
detection limit for such compounds was 1 pg. Ingram et al. 
(175) described a mass spectrometric isotope dilution technique 
for "the" edetermimavrvon *OT= PCP sin #waber. Following 
derivatization with diazomethane, PCP was determined from the 
jon intensities in the mass range m/z 278-290. Matsumoto et al. 
(102) analyzed PCP in river water by EI-MS with a detection 
Pamite "ot #10 *ng/E? 

Selected ion monitoring mass spectrometry (SIM-MS) involves 
the use of the mass spectrometer as a very specific detector set 
to monitor one or more fragment ions which are characteristic of 
the compounds under investigation. Using MS and SIM-MS, Kunte 
and Slemrova (197) identified and quantitated forty-three 
different phenolic substances in extracts from the Rhine and 
Main Rivers. The major phenolic components detected were 
substituted phenols with one or more alkyl-, chloro- or nitro- 


group; all concentrations were below 1 yg/L. Acetate 
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derivatives, prepared in a back extraction procedure, were 
Suitable for both EI-MS and SIM-MS. Wu et al. (178) developed a 
SIM program to detect PCP in fish tissues. The methyl ether 
derivative of PCP in tissue extracts was prepared using methyl 
iodide. Two diagnostic fragment ions of the pentachloroanisole 
derivative (m/z 280, m/z 237) and the internal standard penta- 
chlorophenetole (m/z 294, m/z 237) were monitored. Precision 
and linearity of the SIM method gradually deteriorated as the 
GLC column and ion source became contaminated with other sample 
impurities. When the column was well conditioned, 10 pg of PCP 
could be detected as its methyl ether but after several 
injections PCP adsorption resulted in loss of sensitivity. Bose 
and Fujiwara (189) used CI-MS for SIM analysis of PCP in crab 
tissue extracts derivatized with benzoyl chloride. The penta- 
deuterated benzoate of PCP was used as the SIM internal standard. 

NCI-MS, like SIM-MS, provides a very specific GLC detector 
system which is used to screen samples for organochlorine 
residues in the presence of interfering material (105, 117, 216, 
217). The technique has been used to examine PCP formulations 
as well as biological and environmental samples. Dougherty and 
Piotrowska (105) used NCI-MS for the analysis of PCP in lipid- 
rich foods such as candy bars and beef fat. Semiquantitative 
results were obtained using p-chlorobenzophenone as the internal 
standard. Kuehl and Dougherty (117) found PCP in human seminal 
fluid, human adipose tissue and fish tissue samples examined by 


NCI-MS. 
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c) High Performance Liquid Chromatography 

In their 1967 review of PCP analytical methods, it was 
notable that Bevenue and Beckman did not include high 
performance liquid chromatography techniques. Since then, 
however, HPLC has become a fast, reproducible and sensitive 
analytical technique for trace organic analysis. Hussain and 
Kifayatulla (150) reported conditions for the separation of 
underivatized chlorophenols and chlorocresols using both GLC and 
HPLC. Certain compounds which could not be separated by GLC 
were resolved by HPLC. 

A minimal sample cleanup requirement is often considered to 
be one of the major advantages of HPLC over GLC techniques. The 
degree and type of sample preparation required in HPLC depends, 
however, on the nature of the sample and the analytical 
sensitivity required. Little sample preparation is necessary 
for the HPLC analysis of high phenol and aniline concentrations 
(94, 218). Daniels and Swan (94) developed an HPLC method for 
the analysis of TeCP and PCP on lumber surfaces which permitted 
the processing of one hundred and forty-four samples in 48 hr. 
Hayes (219) used a paired-ion reverse phase HPLC method to 
analyze PCP formulations. Formulations, containing between 1.81 
to 3.12% PCP, were dissolved in solvent and run directly on the 
HPLC system. The linear concentration range for the direct 
analysis of PCP was 0.5 to 5.5 mg/mL. 

In general, methods for the analysis of trace quantities of 


phenols and anilines in foods (220), biological samples (89, 
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221 )eands water (81.683, -AL10 011 sa 2eeneuces) aStikl «demand .some 
form of sample cleanup such as conventional solvent extraction 
Or pre-column trace enrichment. The degree and type of sample 
purification performed depends on the nature of the sample, the 
number of compounds which must be simultaneously determined and 
the detection sensitivity required. To achieve comparable 
sensitivity, Lawrence (224) indicated that HPLC with UV 
detection required at least as much sample extraction and 
purification as ECD-GLC. 

For HPLC analysis, trace organic compounds have been 
concentrated by simple organic solvent extraction methods (81, 
96) or a combination of ion-pair and solvent extraction (83, 
110, 111), as described earlier. Trace enrichment is an 
alternative method for concentration of organics from aqueous 
solution (225, 226). After pumping a 20 mL raw river water 
Sample onto a pre-column, Mayer and Shoup (223) flushed the 
solute through the short enrichment column onto a reverse phase 
analytical column with mobile phase solvent. While one sample 
was being chromatographed another could be enriched. Edwards 
et al. (227) adsorbed trace organics in industrial waste 
effluents onto a Bondapak Cj g/Porasil B nonpolar bonded phase 
pre-column prior to chromatographic analysis. 

Smji tupet. oa), 9(228 ) described» as uni que, instrumenta 
modification which allowed the analysis of trace concentrations 
of PCP and eleven other chlorophenols in aqueous solution 


without sample preconcentration. Correlation chromatography 
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substantially increased detector sensitivity since system noise 
was not cross correlated with input. Using a UV detector at a 
wavelength of 254 nanometers (nm), 6 wg/L PCP could be analyzed 
directly in the water sample without extraction steps. 

Various HPLC columns and eluants have been used to separate 
mixtures of phenols and anilines. Reverse phase systems (40, 
83.7 G4dyel 1 Ose LIAR 922.904 5222,y8229' na22 i234) eceres:comonlye used 
conditions for normal phase HPLC (150) have also been developed. 
In reverse phase chromatography the presence of acetic acid in 
the mobile phase gradients (111) prevented phenol peak tailing. 
Stalling et al. (129) compared the performance of columns 
containing silica gel, cesium silicate and LiChromosorb RP-18 
for the HPLC separation of twelve phenols. Hayes (219) 
described the use of reverse phase paired-ion chromatography for 
the analysis of PCP in formulations. A tetrabutyl ammonium 
counter ion was used in the mobile phase to complex ionized 
phenols. Armentrout et al. (229) increased selectivity for 
phenols by using a polymeric cation exchange resin column. 
Aromatic amines, also detected by the electrochemical detector, 
did not elute from the reverse phase column with the acidic 
acetonitrile-water eluant. Olsson et al. (235) described the 
use of polyvinylpyrrolidone and anion exchangers in the acetate 
form for HPLC of a large number of chlorinated phenols. Acetic 
acid (3-7 M) was used as the eluant for both columns. Sakurai 
and Ogawa (236) separated ANI and 2-, 3- and 4-AP using cation 


exchange HPLC. The chromatographic procedure was lengthy and 
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ANI, which had the longest retention time, gave a broad peak. 
Sternson and DeWitte (232) described a reverse phase HPLC system 
for the analysis of aromatic amines using an aqueous mobile 
phase containing nickel. 2-AP formed a stable chelate with the 
metal and could be resolved from N-hydroxylamines which did not 
react with nickel. 

Amberlite XAD resins have also been used as reverse HPLC 
Stationary phases for phenol analysis (230, 231, 237). Grieser 
and Pietrzyk (231) found that pH as well as buffer concentration 
affected the resolution of phenol, nitrophenols, alkylphenols 
and chlorophenols using an XAD column. XAD resin does not 
require a stationary liquid phase, therefore problems with 
column bleed are eliminated. 

A number of detectors are available for HPLC. UV detectors 
are most frequently used at the common fixed wavelength of 254 
nneGlehs WOO se2h9,w228, e232) smanalyses tat e2cOunmatS3sh 110s 222% 
215 nm (96), 230 mm (94) and 315 nm (222) have also been 
reported. Realini and Burce (110) detected 2-MCP, 2,4-DCP, 
4-chloro-m-cresol, 2,4,6-TCP and PCP at 280 nm. This wavelength 
was superior to 254 nm for all chlorophenols tested except PCP. 
Hayes (219) compared the utility of the wavelengths 236 nm, 254 
nm and 304 nm for the HPLC analysis of PCP. Maximum sensitivity 
was achieved at 254 nm; the other wavelengths were not suitable 
due to absorption by solvents and interfering material. 

Electrochemical detectors provide increased sensitivity and 


improved specificity when compared to nonselective UV detectors. 


28 


~iseg hes sod & ave end 
modexe DMM erety s2sevet & 
siftom 2itiowes as onteu seamed 
oft Adtw atelato sides & barrio? § 
zan tin Ty xerroysih mov poe on rc) rua 


sn SP Frtys 
sero re 908 ; 

. se ' 2 5 noad ots -avett arbre OAX ot tend 
sta) E FS) aragie onsen yor 2e7erd ai ot 6! i 

not PRs SOD [low ae Hq edd beget (263) i 


sean ful fe moudin ,feewhe 2 hors toes sit nated 


. . 
, Agi 


[oa WAK’ ne? Onkes 2 Tonecganants ‘bine 


Astw ameidow oo% 47 .oeadg brapt! ywrorsase 5° wh ups 
spotantatia a6 bool (i 

ayogoetad. ¥E adh 7? ofdel have hi gvolssied 70 ae 
beS Fe dtyrsfovin at? ommOo omy Fe bazy ae ali rec 
-OFE .SB) mm 045 te 2eeylans~; (SES ate .@t8 oat 0 
| on 2f6 tee (92) mo OFS , (a2). nv ES 
inh, S .4IM6eS betsotet (OPE) ented dns rari eek. 
7 

dopeeterew 2taT .tn 08S te! 999 has: ITHO,P,S a vie 
£499 tacess Sefeet 2 (unerignao fy rts "oT. mm nes o3 yore 


‘7. < 
—" 


A2% mm AES adsonelovew eas $o-4sr hte oy berisaym9 ne 2 


¥ity retense munhxem MIP Fo. atey bens ouaH get “OF _ a E 
oa 
afdggtue gon stow 2dogteteven “artg oft gam S25 te be ata 
leisaton gnivetadteteting eteayfoe yd soliqvoeds of 
= — se wee - 


bas Qitvitianse boesaroe? SRrweRy, PV229099 TSOlHem aes 
7 % - i wy 
rh Y 


-2votseiod VU on t4oe® 


56 


Electrochemical detectors are not compatible with solvent 
programs due to instability. Their usefulness for the analysis 
of complex mixtures is, therefore, limited (39). Sternson and 
DeWitte analyzed ANI and its metabolites by HPLC using a UV 
detector at 254 nm and an electrochemical carbon paste detector 
(232, 233). Electrochemical detection was 5, 100 and 1000 times 
more sensitive than UV for 2-AP, ANI and 4-AP, respectively. 
Phenols are readily oxidized at carbon electrodes using 
potentials Of +0.7 CO"t1. 1° Vorts: (V)e(vs #AG/AgeT) (223). ‘Sample 
contaminant interferences can be minimized by adjustment of the 
electrode potential. The comparatively high potential (+0.85 V) 
used by King et al. (238) to detect PCP minimized the response 
of many interfering materials. Mayer and Shoup (223) found 
electrochemical detection limits comparable to those achieved 
using ECD-GLC. Armentrout et al.(229) employed a new electro- 
chemical detector with a carbon black polyethylene tubular anode 
to detect organic compounds at 1 ppb levels in water. The 
tubular anode could be used with any water-miscible organic 
solvent and gave the best signal-to-noise ratio of the several 
anodes tested. Phenolic compounds, present at less than 1 ppb, 
were successfully analyzed in wastewater samples. Dolan and 
Seiber (239) adapted the Coulson electrolytic conductivity 
detector for use with HPLC and applied the system to the 
analysis of organochlorine compounds including PCP. 

Although sample cleanup procedures cannot be avoided in GLC 


and HPLC, the latter chromatographic technique usually does not 
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require derivatization. However, derivatives have been used in 
HPLC to improve detectability. Porcaro and Shubiak (240) 
prepared the p-methoxybenzoyl derivatives of hexachlorophene 
(2,2'-methylenebis[3,4,6-trichlorophenol]) to enhance UV 
absorption. At a wavelength of 254 nm the absorptivity of the 
derivative was sixty-four times greater than that of the parent 


compound. 


d)  Thin-Layer Chromatography 

Although most analyses of phenols and anilines have 
utilized GLC and HPLC, a number of investigators have also 
reported the use of thin-layer chromatography (TLC) for semi- 
quantitative analysis with detection limits in the submicrogram 
range. Following chromatography on silica gel (97, 241-247), 
alumina (242, 243, 245) and a number of other stationary phases 
(248-253), spray reagents such as methyl orange, methyl red, 
methyl] violet and 4-aminoantipyrine were used to detect as 
little as 1 yg PCP on the plates (246). Geike (247) reported a 
method for visualizing PCP on TLC plates based on the inhibition 
of enzyme activity. PCP, a strong inhibitor of numerous 
enzymes, could be detected at concentrations of 10 ng and 3 yg 
using bovine liver esterase and amylase, respectively. Dietz et 
al. (245) separated and identified one hundred and twenty-six 
phenolic compounds by TLC using six one dimensional thin layer 
systems and four spray reagents. The method was applied to the 


analysis of water samples containing phenols at ppb levels. 
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Derivatization of free hydroxyl groups is often used to 
improve TLC sensitivity and selectivity. Several workers (103, 
241) have prepared dansyl derivatives of chlorophenols which 
could be detected by fluorescence measurements following TLC 
separation. Quantitative analysis was impossible using the 
method described by Van Langeveld (103) since a linear relation- 
Ship between concentration and fluorescence intensity could not 
be demonstrated. The TLC detection limit for the PCP dansyl 
derivative was 4 ppm. Berbalk and Eichinger (254) converted 
phenols to colored compounds by reaction with p-(5-fluoro-2,4- 
dinitro-l-phenylazo)-N,N-dimethylaniline and separated the 
resulting derivatives by TLC. 

Ting and Quick (255) developed a procedure designed to 
increase the specificity of analysis for PCP in a mixture of 
chloro-organics extracted from sawdust. PCP was converted to 
chloranil by warming briefly with concentrated nitric acid. 
Following TLC, PCP was detected as a blue spot by spraying with 
a citric acid solution of tetramethyl-p-diaminodiphenylmethane. 
Lower chlorophenols did not interfere with the detection of PCP 
but the procedure was not specific since TeCP reacted similarly 
to Pep. 

In general, TLC is a simple method which provides non- 
specific, qualitative information on samples containing high 
concentrations of the compounds of interest. Mixtures 
containing several isomers or closely related compounds cannot 


be unequivocally identified, however. The major disadvantages 
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of TLC are comparatively low sensitivity, low specificity and 


poor quantitative results. 


e) Spectrophotometry 

Although colorimetric and UV ratio spectrophotometric 
methods are still used, their popularity continues to decline. 
Routine water quality monitoring for phenols is often based on 
nonspecific spectrophotometric tests such as the colorimetric 
4-aminoantipyrine (4-AAP) method (256). Unfortunately, reagents 
such as 4-AAP do not react with equal sensitivity to all 
phenolics; para-substituted compounds are poorly detected (257). 
Colorimetric methods for quantitation of total phenol concentra- 
tions in natural waters are subject to a high degree of 
variability, thus limiting their value even as screening 
techniques. A number of oxidants have been reported to 
interfere with the 4-AAP and UV ratio spectrophotometric 
methods. Norwitz et al. (258) described a method for minimizing 
these interferences by the addition of sodium arsenite. Ramstad 
and Armentrout (125) analyzed total chlorophenols in brine by a 
modified 4-AAP reaction after selective XAD-2 column adsorption 
of the phenols from an aqueous sample. Phenols were eluted from 
the macroreticular resin with alkaline methanol. The 4-AAP 
test, performed in the presence of methanol, was applicable to 
solutions containing from 0.1 to over 2 mg/L total phenols. 
Anilines are usually considered as interfering compounds in the 


determination of phenolics (259) by the colorimetric 4-AAP 
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method. El-Dib et al. (260) investigated the use of 4-AAP for 
the colorimetric quantitation of anilines in natural waters. 
While the determination of some aromatic amines was possible at 
concentrations of 0.1 mg/L, 4-AAP was insensitive to chloro-, 
nitro- and p-substituted anilines. Koppe et al. (261) 
characterized the reaction of 4-AAP as well as _ three 
group-specific reagents, 4-nitroaniline, sulfanilic acid and 
3-methyl-2-benzenethiazolinehydrazine, with one hundred and 
twenty-six phenolic compounds. Fountaine et al. (257, 262, 263) 
applied a UV ratio spectrophotometric method to the analysis of 
PCP in river water. The detection limit for PCP was 2 ppb with 
a recovery of 98%. While no interference was observed from 
2-MCP, 3-MCP and 4-MCP, the presence of 2,4,6-ICP interfered 
with the specific analysis of PCP. Baker and Mayfield (112) 
monitored the microbial and nonbiological decomposition of 
chlorophenols in soil spectrophotometrically by the decrease in 
UV absorbance. In spite of instrumental advances and new 
chemical modifications, spectrophotometric methods remain 
limited in value since specific phenols cannot be identified and 


quantitated unequivocally at trace concentrations. 


“gt AAA-B Po oev 001 ia teg tee Ax 


0a —_ 
a 


= 


ee ic. anon 
we fespaen et zanttine Yor leahe 


2 
‘ 3 - os ¥ 
re [thas yi aow eon 7 Samor1s - Oe 
ovwwolto oO sont «few SA 
| 


a - 
sti tne tue say) Feeeeornt ae saiieuasene pee hid 


sbaywd 900 w sh Ppetby deo logs tigona sie Snhigshy: 


i 


n+ ‘ Ss 5mm >t jorans rs 7 
i 
tegen Jaane obter Vat owe hart 


t é 2" “ aie . ee it 
hw dye! \ uted i por tveesh Sal satan VET - A 
rw -OyG i 
‘7 wTse! sou gota? r of oft Ree Fo. crane 


mae 9S TH T-2. | srerce Sts, ,AaM- 0 ieee GaMee 


<I 


on. : 
[} plertysm | Tr Fo aztewlaas at tioag2: | sa2 ay 
‘toon bee Taiaororm oft bey rao 


ry } | 
] de * 
sen hy ony ve featyeamosodgo ni sege fioe af 2 Fowariine 
ne Snes ror : oA» ms nei 16 
basen — ; 4eamy viet To Stra ae . as 
7 | 
aan. ein oO sodegrTSaTe ewotusort ipo ‘fsote 


, a a Fi —* - 
‘oy otf #onnso 2focetg setrashe eanta suféy qrebege 


ae ae 
wi 


"| 


‘ r 

not sextneonos sotut da ¢itacovtugery. » 
_ 

wy > 


i ® 


6] 


C. ANALYTICAL METHODS FOR MORPHINE AND ALKALOID DRUGS 


15 Extraction 


Extraction methods for phenolic alkaloids, such as morphine, 
are uSually complex and require that the aqueous sample be maintained 
below pH 10 (the pKa of the phenolic group) using an appropriate 
buffer. Dahlstrom and Paalzow (264), for example, described a 
typical procedure for the recovery of morphine’ from biological 
material. The samples were extracted with toluene-butanol (9:1) at 
pH 8.9, re-extracted into 0.1N SO, and, finally, back-extracted to 
a toluene-butanol phase at pH 8.9. Similar extraction sequences, 
using many different buffers and solvent combinations have been 
reported in the literature (265, 266). 

Schill (267) first reported the use of bromothymol for ion-pair 
extraction of morphine. Recently, extractive alkylation methods have 
simplified both the extraction and derivatization of phenolic 
alkaloids. In the method reported by Cole et al. (268), the morphine 
phenoxylate was extracted into ethyl acetate as a tetrabutyl ammonium 
ion-pair in the presence of the alkylating agent pentafluorobenzy] 
bromide. The procedure allowed not only quantitative extraction but 
also simultaneous derivatization. Quantitation of plasma morphine 


concentrations as low as 5 ng/mL was reported. 
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2s Identification and Quantitation 


Many methods are available for the separation, identification 
and *=qUanti tation “Of! alkaloid vdrugs.e -sincluding. “radioactive, 
Spectrofluorometric and chromatographic techniques. GLC and HPLC 
analysis of these compounds will be considered in greater depth. 

GLC analysis of underivatized morphine, 30-acetylmorphine, 
60- acetylmorphine, diacetylmorphine and codeine have been reported 
(26912 7 20) Although diacetylmorphine can be analyzed _ gas 
chronatographically at low concentrations without derivatization 
(271), the direct GLC detection of polar alkaloids containing free 
hydroxyl] groups is limited to forensic or pharmaceutical samples 
containing high drug concentrations (269, 270). More sensitive and 
reliable GLC quantitative analysis of extracts of morphine and other 
polar alkaloid drugs has been achieved following alkylation (268), 
acylation (264, 273-281) and silylation with BSA (282-284), HMDS 
(285) or BSTEA (2:79 £e283)51286,)% 

Dahlstrom et al. (264, 273) prepared electron-capture sensitive 
derivatives of morphine using PFPA which allowed the GLC detection of 
500 pg/mL in plasma and 100 pg/30 mg in brain tissue. The use of 
HFBA (274-276) and trifluoroacetic anhydride (TFAA) (277, 278) for 
derivatization of morphine, 30-acetylmorphine, 60_acetylmorphine and 
codeine has also been reported. While Yeh (279) observed that 
morphine derivatives prepared with TFAA were unstable, Wallace et al. 
(277) successfully used the reagent to quantitate morphine in serum 


and plasma. Ebbighausen et al. (276) found derivatization with TFAA 
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preferable to HFBA for the SIM-MS analysis of codeine, morphine, 
norcodeine and normorphine. Acetyl derivatives are less moisture 
sensitive than perfluoroacy] derivatives; morphine has been analyzed 
as its diacetyl derivative (279, 280). Acetylation methods, however, 
cannot be used for analysis of samples containing mixtures of 
diacetylmorphine, 30-acetylmorphine, 60-acetylmorphine and morphine 
itself. The use of propionic anhydride has rarely been reported in 
the literature. Anders and Mannering (281) prepared propionate and 
acetate esters of several alkaloid drugs by "“on-column" acylation 
with the appropriate anhydride reagent. The flash-heat acylation 
method proved unsatisfactory for the derivatization of drugs 
containing two esterifiable groups; complex spectra with peaks 
corresponding to both monoacyl- and diacylmorphine were obtained. 

HPLC has been applied successfully to the analysis of opiates 
using reverse-phase (287, 288) or paired-ion reverse-phase columns 
(289). UV detectors provide adequate sensitivity for the analysis of 
alkaloid drugs in forensic and pharmaceutical preparations without 
prior cleanup of the samples; optimal detection sensitivity is 
achieved at a wavelength of 280 nm (289). pres Seby alebe(28e)) 
derivatized the phenolic hydroxyl group of several alkaloid drugs 
with dansyl chloride (5-dimethylamino-l-naphthalene sulfonyl] 
chloride) and detection was carried out simultaneously with a 
fluorescence detector and a UV detector set at 254 nm. The 
determination of therapeutic levels of morphine in small blood 
samples using HPLC with electrochemical detection was reported by 
White (287). The glassy carbon flow-through electrode was capable of 


detecting less than 1 ng of morphine extracted from blood samples. 
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Dee LNUE nS 


Prior to 1967, the procedures available for the analysis of 
phenols and anilines were primarily TLC or spectrophotometric 
methods. At that time, Bevenue and Beckman (166) concluded that 
these procedures were often tedious and failed to provide adequate 
sensitivity and specificity. Since then, the application of TLC and 
Sspectrophotometric methods has declined due to an increasing demand 
for procedures capable of unequivocal isolation, Separation, 
identification and quantitation of multicomponent residues. The 
recoveries of trace organic compounds from sample materials have been 
improved by comparative investigations of solvent extraction 
efficiencies, the use of ion pair reagents and the development of 
efficient column adsorption techniques. Many new methods of 
derivatization for GLC have been described including procedures for 
the preparation of derivatives directly in aqueous solution. The use 
of capillary columns has improved the resolution of complex mixtures 
of organics and the introduction of new bonded stationary phases has 
lowered the limits of detection for underivatized phenols. 
Development of reliable electrochemical detectors, various modes of 
separation and on-column enrichment techniques have increased the 
Utility of HPLC ‘for trace analysis. The mass spectrometer has 
provided a means for unambiguous detection and identification of 
phenolic and anilino residues. New developments in analytical 
methodology continue to expand our understanding of the occurrence, 
metabolism, degradation, toxicity and environmental impact of trace 


Organic compounds. 
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A. REAGENTS 


i Commercial Sources 


Sodium bicarbonate, ether, acetone, ethyl acetate, methanol, 
toluene, methylene chloride, acetic anhydride, anhydrous sodium 
sulfate, cyclohexane, acetonitrile, chloroform, 2-propanol, sodium 
hydroxide, ammonium hydroxide, sulfuric acid, 1-NAP, 3-NP, 4-NP, PHE, 
o-CRE and m-CRE were obtained from Fisher Scientific Company 
(Fair Lawn, N.J., U.S.A.).. Chloroacetic anhydride (CAA), dichloro- 
acetic anhydride (DCAA), 2,4-DCP, p-CRE, 2-NP, 3- and 4-CA, ANI, 
2,3,4,6-TeCP, 2-, 3- and 4-AP, 4-bromophenol (4-BrP), 4-chloro-3- 
methyl phenol, 4-chloro-2-methylphenol, 3-chloro-4-methylaniline 
(3-C1-4-MeA), 4,6-dibromo-o-cresol (4,6-DBC) and benzylamine (BA) 
were obtained from Eastman-Kodak Company (Rochester, N.Y., U.S.A.). 
Matheson, Coleman and Bell (Norwood, OH., U.S.A.) was the source of 
2-MCP, 2,4-DCP, 6-chlorothymol and catechol while naphthalene was 
obtained from Anachemia Company (Montreal, Canada). 4-Bromoaniline 
(4-BrA), 4-MCP, 4-chloro-3,5-dimethylphenol, diamorphine hydro- 
chloride, codeine sulfate and morphine sulfate were obtained from 
British Drug Houses Ltd. (Poole, England). Aldrich Chemical Company 
(Milwaukee, Wis., U.S.A.) was the source of PFBC, eugenol, isoeugenol 
and 2,6-DCP while benzo(a)pyrene was obtained from RFR Corp. (Hope, 
Rote sk ee) Maliinkrodt sinc; (St. Lowis, No... 00.5.4.) “provided 
Amberlite XAD-2 resin (20-50 mesh). TFAA, PFPA and HFBA were 


obtained from Sigma Chemical Company (St. Louis, Mo., U.S.A.). 
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Methylene chloride was distilled before use. Sodium sulfate and 
glass wool were heated for 3 hr in a muffle furnace at 400°C and 


stored in capped (aluminum foil-lined) amber bottles. 
2. U.S. Environmental Protection Agency Reference Standards 


The phenols listed in Table IV were obtained as high-purity 
analytical grade reference standards from the U.S. Environmental 
Protection Agency, Quality Assurance Section, Analytical Chemistry 
Branch, HERL, ETD (MD-69), Research Triangle Park, N.C. 2/7711 U.S.A. 
The compounds were ordered from the stock index catalogue entitled 
"Analytical Reference Standards and Supplementary Data for Pesticides 


and other Selected Organic Compounds". 
oe Distilled Water 

Deionized, glass-distilled water was prepared using a Corning 
AG-lidist7 lation uni (Corning. Glassworks, Cornings N.Y:%. UsS<A.): 
B. | APPARATUS 
ie Gas-Liquid Chromatography 


Capillary GLC analysis was performed using a Hewlett Packard 


2 
Model 5830A gas chromatograph equipped with a 15 mCi OS Nj source 
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Table IV. Analytical Grade Reference Standards Obtained from the 
U.S. Environmental Protection Agency. 


Catalogue Compound Catalogue Compound 

Code Number (index name) Code Number (index name) 
P403 2,3-dimethy]phenol P645 o-hydroxyacetophenone 
P404 2,4-dimethy]phenol P646 m-hydroxyacetophenone 
P405 2,5-dimethyl phenol P647 p-hydroxyacetophenone 
P505 2-ethyl phenol P974 2,4,6-trichlorophenol 
P506 3-ethyl phenol 6890 2,4,5-trichlorophenol 
P507 4-ethyl phenol P920 253,4,5-tetrachlorophenol 
P565 o-methoxyphenol 5260 pentachlorophenol 
P704 2-isopropyl phenol 0822 4-bromo-2,5-dichloro- 

phenol 
P705 3-isopropyl phenol 
4116 3-trifluoromethyl -4- 

P706 4-jsopropy! phenol nitrophenol sodium salt 


1. 100 mg of each standard was supplied in glass vials with teflon- 
lined screw caps. 
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linear ECD and coupled to a Model 18850A integrator. For ECD-GLC 
analysis with packed columns, a Hewlett Packard Model 5730A 
chromatograph equipped with a 15 mCi 63K; linear ECD and Model 3380A 
integrator was used. Flame ionization detection (FID) GLC analysis 
with packed columns was conducted using either a Perkin-Elmer 990 or 
a Hewlett Packard Model 5702A chromatograph coupled to a Hewlett 
Packard Model 3380A integrator. All gas chromatographs were operated 
at injector and detector temperatures (°C) of 250° and 275°, 


respectively. 


2. Mass Spectrometry 


a) Electron Impact-Mass Spectrometry 

Electron impact mass spectra were recorded using a combined 
Hewlett Packard Model 5710A gas chromatograph/Model 5981A mass 
spectrometer/Model 5934A data system. The mass spectrometer was 
used in both the total ion mode and selected ion monitoring 
mode. MS scan conditions: Scan speed, 100 AMU/sec; bandwidth, 
430 Hz; electron energy, 10-70 eV; dwell time, 200 msec; ion 
source temperature, 1e0s0e Separator temperature was the same 


as the gas chromatograph oven temperature. 


b) Chemical Ionization-Mass Spectrometry 
Chemical ionization mass spectra were obtained using a 
Hewlett Packard Model 5985A combined gas chromatograph/mass 


spectrometer with dual EI/CI sources and data system. MS scan 
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conditions: electron energy, 150 eV; CI methane carrier gas, 4 


mL/min; ion source pressure, 0.6 Torr. 


3.  Gas-Liquid Chromatographic Columns 


Capillary GLC was performed using a 10 metre (m) SP-2100 (0.8 mm 
o.d., 0.25 mm i.d.), WCOT capillary column (J&W Scientific, Inc., 
Orangevale, CA, U.S.A.). Helium at 7 psi was the carrier gas and 10% 
methane in argon at a flow rate of 36 mL/min was used as the makeup 
gas of the detector. | 

The packed columns listed in Table V were used for GLC and 
GLC-MS at a helium carrier gas flow rate of 60 mL/min. The glass 
columns and glass wool plugs were deactivated by silanization using a 
published procedure (290). SP-1240 DA is a packing specially 
deactivated with phosphoric acid. After continued use, the H2P0, 
volatilized from the packing; rejuvenation was accomplished by the 


injection of 10-20 wl of 5% HPO, in acetone at ico) C. 


A. Glassware 


a) Kuderna-Danish Evaporator 
Large volumes of organic extracts were concentrated by 
distillation using a Kuderna-Danish evaporator (291) (Figure 4) 


obtained from Ace Glass Co. (Vineland, N.J., U.S.A.). The 
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Table V. Packed 


Liquid Phase 


5% OV-101 

3% OV-17 

1% SP-1240 DA 
0.2% Carbowax 20M 
0.1% SP-1000 

3% OV-17 

3.8% OV-17 


Columns Used for Gas-liquid Chromatography 


Support 


Chromosorb W 
Chromosorb W 
Supelcoport 
Glassbeads 
Carbopack C 
Chromosorb W 


Chromosorb W 


(100/120) 
(100/120) 


eae ee, 


Length (m) 


iheyale 
1.68 
126 
0.84 
0.34 
0.84 
1.68 


1. Operating temperatures for each column are described in the 


text. 


2. All columns were 4 mm i.d. glass tubing. 


3. For gas chromatographic analysis FID was used with packed 


columns, unless otherwise stated. 
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Figure 4. 


Kuderna-Danish evaporative concentrator 


<———— Three Ball Snyder 
Column 
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solvent volume was reduced by placing the evaporator in a steam 


bath according to a published procedure (25). 


b) Cleaning of Laboratory Glassware 

Bevenue et al. (132) compared the effectiveness of the four 
procedures listed in Table VI for the cleaning of laboratory 
glassware used in trace analysis. Method I failed to completely 
remove glassware contaminants while methods II, III and IV 
equally efficiently removed all organic material. Organic 
solvents alone do not remove firmly adsorbed organic 
contaminants from glass surfaces. Treatments with oxidizing 
reagents, concentrated mineral acids or heat are considered 
essential for the preparation of contaminant-free glassware. In 
this study, glassware was washed with tap water and Alconox and 
was then sequentially rinsed with distilled water, ethanol and 
acetone. After air-drying, the glassware was heated in a muffle 
furnace (Model F1730 Serial #15227, Thermo Electric Mfg. Co., 


Dubuque, Iowa), for 3 hr at 400°C. 


C. STANDARD SOLUTIONS 


Individual standard stock solutions (1.0 mM) of all of the 
simple phenols and anilines listed under Reagents in Section "A" were 
prepared in 95% ethanol and stored in glass-stoppered bottles at 4°C. 
The standard stock solutions were diluted 10-100 times with distilled 


water to prepare "working standard" solutions. The working solutions 


eX 


oxousen lh 


Ss , 

wig 
sot off Yo e2agneyttosTls id — an 9 3 
jef Va pa ne ts off vo? TF siféat ab ‘peaeit aan vbe20%9 


st beftet I horiiod Joheihets suet at bez vow ait 


wT 7 ) ai ' ; ‘ = + wie a — 
tt be TAP ui phe ts rhiw = Behe hmerne> ovwwees le S¥oniey 


es 
hayanay yftnetotiise yb Teupe 


> 5 *Y _ 

16% bade 2 ron ob anole atmayviag 
onfshorep agtiw 2 ‘aay! rovstwe 2eale aor? zrnante ay 
. ‘ Ieionim . batasfacano> 2898 at 
nt .aveweento stit-tnenimetnos %O ROTIETRGRTY Sh VO! stam 


ban moneatA be cotaw qa? Aliw Doneaw 207 ove weesty ute ani 
" rath Attw Oe anhy yf feldoounse dont sie p 
sfttum 6 A yxfaonl 25 iwiee(Q SA7 .pal gib-tih “St TA aed 7 

ate ae yarn 
rupset3 omvodT (S920 fatyae OOTLT Tebot)  SoeNINT 


POOR ae wi Cf wt .(owol Sup dud 


i Oe oo 
2000 TU sO CAA MMA 
‘ ; ; . ae 7 
pez 
to ite Yo (He 6.0) enatsutor. foote brabasi2 loubte 


axue “AY aettaee ni einegedh abo — puanttens fas, jaa 


0°) t8 2ett¢od salle att 3 7 


wefitieth artw 2omly Gor-Of Deby 


aed 
enorzufoe getdvaw odT  « erase ieee 


: > - . : 
Ve Taisen) OOn pee 


Table VI. 


Ethanol] 1 


Acetone 


Hexane 


Air-dry 
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Glassware Cleaning Procedures (see Ref. 132) 


Method 


rat 
Dichromate-H.S0 
Tap water 
Distilled water 
Acetone 


Air-dry 


4 


2 


eat 


Acetone 


IV 


' 2 
Dichromate-H,S0, 


Tap water 
Distilled water 
Acetone 

Air-dry 


Heat 3 


1. Glassware rinsed three times with each solvent in order of the 
listed sequence. 


2. Glass was soaked for 16 hr in a solution of sodium dichromate- 
concentrated sulfuric acid. 


3. Glass was heated in an air oven for 16 hr at 200. 
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were prepared at concentrations which allowed the addition of 
convenient and easily measured (0.1-1.0 mL) volumes of standards to 
distilled water or biological, environmental and forensic sample 
materials. The working solutions were used to prepare calibration 
graphs for quantitative analysis as well as to determine the minimum 
detectable concentration level of a developed procedure. 

A stock solution of benzo(a)pyrene (1 mg/mL) was prepared in 


benzene. 


D. XAD-2 RESINS 


1. Preparation 


Amberlite XAD-2 resin (20-50 mesh), supplied in a_ saturated 
sodium chloride solution, was washed before use. The resin was 
rinsed four times by suspending in distilled water and decanting. 
This was followed by two washes each with four times the resin volume 
of acetone, two washes with methanol and finally three resin volumes 
of distilled water. The resin was kept refrigerated in distilled 
water prior to use. The purified XAD resin, as a distilled water 
slurry, was poured into a 25 mL buret (1 cm i.d.) containing a 
silanized glass wool plug near the stopcock. The slurry was allowed 
to settle until a resin bed approximately 6 cm high was obtained 


(1.5-2:Orcgqudry-ares im) . A second silanized glass wool plug was 
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inserted above the resin bed and the completed column was washed with 


three 20 mL portions of distilled water. 


A 250 mL water sample, containing 0.5 mg each of 2-NP, PHE, 
m-CRE and 2,4-DCP was passed through a prepared XAD-2 resin bed at a 
flow rate of 5 mL/min. The column was then eluted with 10 ml of 
solvent (acetone, methylene chloride or ether). The first 5 mL of 
solvent was allowed to run through the resin slowly until only a 
small amount remained above the upper glass wool plug. The column 
was Capped with an aluminum foil-covered stopper and allowed to stand 
undisturbed for 10 min. The second 5 mL aliquot was then passed 
through the resin bed slowly and the combined column effluents were 


reduced to a 100 wl volume using a gentle stream of nitrogen gas. 


E. PREPARATION OF SAMPLES AND STANDARDS FOR DERIVATIZATION 


ss Urine Samples 


a) Analysis of Anilines and Aminophenols 

Five mL volumes of urine were added to 15 mL teflon-lined 
screw capped test tubes. Following the addition of 0.2 mL 
concentrated H5S0q > the tubes were tightly sealed and placed in 


a boiling water bath for 1 hr. The hydrolyzed samples were 
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cooled and 100 nmoles of internal standard BA was added to each 
sample. The samples were then extracted twice with 2 mL volumes 
of methylene chloride. The methylene chloride extracts were 
discarded and the pH of each urine sample was adjusted to near 
pH 7.0 by the addition of 1.2 mL 10N NaOH. These samples were 
then derivatized with acetic anhydride and TFAA. 

In order to determine the efficiency and sensitivity of the 
procedure developed for the analysis of anilines in human urine, 
known concentrations of ANI, 3-CA, 4-CA, 3-C1-4-MeA and 4-BrA 
were added to urine samples naturally containing no detectable 
aniline residues. Following the addition of 1-100 nmoles of 
each aniline to 5 mL aliquots of urine, the samples were 
hydrolyzed and further processed as described above. 

Two calibration graphs were constructed for each aniline 
and aminophenol using the internal standard addition method; one 
graph for the packed 3% OV-17 column with flame ionization 
detection and the second for the SP-2100 capillary column with 
electron capture detection. The minimal detectable concentra- 
tion of each compound for the above GLC systems was also 
determined. For FID calibration, 50 nmoles of BA and 1-500 
nmoles of 2-, 3- and 4-AP, ANI, 3-CA, 4-CA, 3-C1-4-MeA and 4-BrA 
were added to 100 mL distilled water samples. FO ieeee Dp 
calibration, 5 nmoles of BA and 0.05-20 nmoles of each aniline 
listed above were added to 100 mL distilled water samples. 
Similarly for ECD calibration of APs, 2.5 nmoles of BA and from 
0.10-500 nmoles of 2-, 3- and 4-AP and ANI were added to 100 mL 


distilled water samples. 
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b) Analysis of Chlorophenols by Selected Ion Monitoring-Mass 
Spectrometry 


Urine samples (5 mL) were hydrolyzed and cooled as 
described in a). Each sample, following the addition of 0.2 
nmoles of 4,6-DBC as internal standard, was basified to pH TZ 
with NaOH pellets and extracted twice with 2 mL aliquots of 
methylene chloride to remove basic and neutral organics. The 
Organic layers were discarded and the pH of the partially 
purified urine sample was adjusted to near pH 7.0 with 
concentrated HoS0q Dri OG COU derivell Zeat pone wit Ne dCelhce Or 


propionic anhydride. 


ae Environmental Water Samples 


Water samples were collected in pre-cleaned glass bottles with 
aluminum foil-lined caps and stored refrigerated at 4°C. They were 
usually analyzed within 1-12 hr of collection. Details concerning 
sample collection and handling in each study are described 
individually below. In each case, following the addition of internal 
Standard, the sample was basified to pH 12 with NaOH pellets and 
extracted with three 25 mL aliquots of methylene chloride to remove 
basic and neutral interfering compounds. The pH of the aqueous phase 
was then adjusted to 7.0 with concentrated H5S0, prior to 


derivatization. 
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a) Study of Nitrophenols in the Athabasca River 

Athabasca River water samples were collected at three 
different sites near Fort McMurray, Alberta. To identify 
naturally occurring phenolics, 750 mL samples of Athabasca River 
water, with 0.1 ymoles of 1-NAP internal standard added, were 
acetylated. To determine the stability of phenols in Athabasca 
River water, 400 mL samples were spiked with 1 ywmole/L each of 
2-NP, 4-NP and m-CRE. The samples, placed in 1-L Erlenmeyer 
flasks, were stoppered with sponge and shaken at 20°C using a 
| New Brunswick Model G2 Shaker (New Brunswick Scientific Co. 
Inc., Edison, N.J.). Aliquots (50 mL) were removed at intervals 
over a two-week period and frozen until Seared. For 
quantitative analysis, 0.05 pmoles of 1-NAP internal standard 
was added to each aliquot prior to base neutral methylene 
chloride extraction and derivatization with acetic anhydride. 
Calibration graphs were constructed by the addition of 0.02-0.2 
umoles each of 2-NP and 4-NP and 0.1 ypmoles of internal standard 


1-NAP to 250 mL aliquots of distilled water. 


b) Identification and Quantitation of Phenols in North 
Saskatchewan River Water and Edmonton Municipal Snow Dumps 


Sampling of the North Saskatchewan River and Edmonton 
municipal snow dump sites was conducted, as described below, by 
the City of Edmonton Department of Engineering. Grab samples of 
the North Saskatchewan River were collected up- and downstream 
from a municipal snow dump site on three consecutive days (March 
4, 5, 6, 1981). Holes were drilled through the river ice and 


samples were taken approximately 8" helow the ice surface level. 
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Each sampling consisted of two l-gallon amber glass bottles 
filled with river water. One bottle was preserved immediately 
by the addition of 1.0 g CuSO 


*5H50/L and H PO, to pH 4.0; no 


4 3 
preservatives were added to the second sample. Two composite 
samples, one preserved and one unpreserved, were also prepared 
by pooling equal volumes of river water collected on the three 
sampling days. 

Snow samples, labelled SDX-81-1, SDX-81-2 and SDX-81-3, 
were collected at three municipal snow dump sites. Holes were 
drilled into the snow dump using a 4" diameter ice auger. The 
top 12" of the dump sample was discarded due to melting on 
previous days. Holes varied in depth from 7' to 16' depending 
On the height of the snow above ground level. Each site was 
cored at several random locations. The cores from each site were 
combined, thawed together and pooled. The melted snow, 
containing mud, sand and solid debris, was centrifuged and the 
clear supernatant was analyzed. To each 1 L sample, 50 nmoles 
of 4,6-DBC internal standard was added prior to base neutral 
extraction and acetylation. Calibration graphs were prepared by 
adding 1-200 nmoles each of PHE, o-CRE and p-CRE and 50 nmoles 


of 4,6-DBC internal standard to 1 L samples of distilled water. 


c) Analysis of Simple Phenols in Raw and Treated North 
Saskatchewan River Water 


Raw and treated North Saskatchewan River water samples were 
obtained from the Rossdale Water Treatment Plant (Edmonton, 


Alberta) on January 19, March 2 and June 1, 1981. These water 
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Samples were expected to contain very low phenol concentrations, 
therefore, 3-L sample volumes were processed. Each 3-L Sample, 
to which 50 nmoles of internal standard 4,6-DBC had been added, 
was divided into 1-L aliquots. The aliquots were individually 
extracted with methylene chloride to remove base-neutral 
interfering compounds and acetylated. Following derivatization, 
each 1-L volume was extracted individually; the extracts were 
then recombined in order that the original 3-L volume of water 
could be gas chromatographically analyzed for phenolic content 
as a single sample. Calibration graphs were prepared by adding 
T=710" mmoles each of PHE;” 0-CRE Sand p-CRES and oUA mmoles of 


4,6-DBC internal standard to 1-L samples of distilled water. 


cd) Analysis of Phenols in Industrial Waters 

As shown in Figure 5, the Syncrude Canada Ltd. oil sands 
extraction plant is located approximately 50 km north of Fort 
McMurray and 420 km north of Edmonton, Alberte. The water 
samples listed in Table VII were provided by Dr. M.D. McKinnon 
(Environmental Affairs Department, Syncrude Canada Ltd., 
Edmonton, Alberta). Water was collected from the sampling sites 
in and surrounding the tailings pond as shown in Figure 6. The 
samples, divided into four basic groups according to their 


source, are described in detail below. 
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Syncrude Canada Ltd. oi] sands extraction plant on 
Lease No. 17, north of Fort McMurray, Alberta. 


Figure 5. 
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Figure 6. 


Location of sampling sites in and surrounding the Syncrude 
Canada Ltd. tailings pond. 
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Waters from or affected by the tailings pond. 

a) Tailings pond water. Water used in the production of 
synthetic crude oil from bitumen is stored in a "tailings 
pond". The water is surrounded by sand dykes designed to 
isolate the process-affected waters containing sand, clay, 
bitumen, process reagents and trace components’ of 
environmental concern. Water samples were taken from 2, 6, 
10 and 15 m depths of the pond to provide a profile of the 
water quality at various levels. 

b) Dyke drainage water. Filter systems, consisting of a 
gradation of course gravel and fine sand, are incorporated 
in the tailings pond dykes. These filters allow the 
removal of water in the dyke structure. The water from 
these filters drains into a collection ditch. 

Cc) Collector ditch water. Any water running out of or 
off the dykes will be caught by a collector ditch which 
runs along the outside of the dyke. The composition of the 
ditch water is mainly drainage from the dyke filters with 
some surface runoff. 

d) Catchment basin water. The water from the collector 
ditch runs into a catchment basin (i.e. seepage control 
pond) from which it is pumped back into the tailings pond. 
e) Oil sand extraction water. A sample of oil sand was 
extracted on a laboratory bench scale using hot water. The 
extract water was prepared for comparison to tailings pond 
water (produced by extraction of oil sand with hot water 


containing NaOH). 
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Beaver Creek Water. The catchment basin is dammed to 
prevent water from entering Beaver Creek, a natural stream. 
Beaver, Creek is .jn close . praximity 10 process-affected 
waters, however, and is susceptible to seepage from the 
tailings pond. 

Natural Surface Water. "Natural" waters are defined as 
water bodies which are formed by natural drainage or 
precipitation. These sources provided background values of 
natural waters and an indication of the variability of 
waters in the erea. The "Sand Pit" is a large standing 
water body under no direct influence from process waters at 
the time of this study. Mildred Lake, fed by the Athabasca 
River, is the fresh water source for the Syncrude Canada 
Ltd... extraction. plant. Lastly, one sample of natural 
drainage water flowing over an oil sand deposit was 
collected. This water sample provided information 
concerning the effect of the unprocessed oil sand on 
surfece water quality. 

Piezometer water. Piezometers, installed on the dyke and 
ingpaneas wOutsade.rofy the’ collectonecdi tech, «monitor 
groundwater pressure. Piezometers consist of 3/7 mm 
diameter polyvinyl chloride pipe; the pipe is slotted at 
the bottom to allow groundwater to flow in and accumulate. 
These water samples provide an indication of groundwater 


quality in an area close to the dyke system. 
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Water aeroe (1-3 L) were collected using a vacuum pump 
system. The samples were transferred directly to pre-cleaned 
bottles, with care being taken to prevent contamination of the 
water by the pumping mechanism. Tailings pond water samples 
were centrifuged to remove suspended solids prior to analysis. 
Internal standard 4-BrP (0.1 ywmoles) was added to each sample 
listed in Table VII prior to base-neutral extraction and 
acetylation. As shown in Table VII, several samples were 
collected in duplicate on different sampling dates in order to 
check the reproducibility of both the sampling and analytical 
procedures. 

Calibration graphs for PHE, o-CRE and p-CRE were 
constructed by adding 0.001-0.40 wmoles of each phenol and 0.10 


umoles of internal standard 4-BrP to 1 L distilled water samples. 
3. Forensic Samples 


Eight street dosage drug preparations were examined for the 
presence of morphine and heroin. Triplicate 5 mg samples of each 
oily brown residue were dissolved in 1.0 mL aliquots of distilled 
water containing approximately 0.2 g NaHCO.. SILI Dyan Or 
quantitative analysis of morphine, standards were prepared by 
dissolving 0.1-1.0 mg of authentic morphine in 1 mL aliquots of 
distilled water containing NaHCo.. To all aqueous samples and 
standards, 0.2 mg of benzo(a)pyrene internal standard was added. For 


the determination of heroin, one dissolved replicate sample was 
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extracted twice with 1 mL volumes of chloroform: 2-propanol (9:1). 
The organic solvent extract was concentrated to 100 yl using a gentle 
stream of nitrogen prior to GLC analysis. The remaining two 
replicate samples and the standard solutions were acylated with 
acetic or propionic anhydride (described in section F) for the GLC 


determination of morphine as its acetate or propionate ester. 


F. BASIC DERIVATIZATION PROCEDURES 


ike Aqueous Acylation 


2) In situ Method 


Simple phenols and anilines, as well as morphine, were 
acylated directly in aqueous solution with acetic anhydride or 
propionic anhydride. The acylation-extraction procedure was 
adapted to the analysis of 100-1000 mL water samples, 5 mL urine 
samples and small aqueous sample volumes containing morphine. 
Unless otherwise stated, ratios of 1 mL water sample : 20 mg 
NaHCO. : 1 pl acyl anhydride were used. 

Water samples (100-100C mL) were derivatized directly in 
separatory funnels of appropriate size. Derivatives were 
prepared by the addition of the excess NaHCO. followed by the 
addition of acetic anhydride or propionic anhydride to the 
aqueous sample. After the evolution of carbon dioxide ceased, 


the acyl derivatives were extracted by shaking the solution 
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three times for 2 min each with 25 mL volumes of methylene 
chloride. After combining the extracts, traces of water were 
removed by the addition of anhydrous Na,SO, (1-2 g). The total 
extract was then concentrated to a volume of approximately 5 mL 
using a Kuderna-Danish evaporator (25). The solvent was further 
reduced to 100 wl under a gentle stream of nitrogen. A 1 wuL 
sample was analyzed gas chromatographically. Evaporation of 
Sample extracts to dryness was avoided since ae results 
were obtained due to the loss of volatile acyl derivatives. 

In a typical complete procedure, a 1 L water sample was 
transferred to a 1 L separatory funnel and internal standard was 
added. The pH of the solution was adjusted to greater than pH 
12 by the addition of NaOH pellets (3-5 pellets) and the base- 
neutral interfering compounds were extracted three times with 25 
mL volumes of methylene chloride. The methylene chloride was 
discarded and the pH of the aqueous phase was adjusted to near 
pH 7 by the addition of concentrated H5S0,- For acetylation, 20 


g NaHCO, and 1.C mL of acetic anhydride were added. After 


3 
vigorous shaking with frequent venting of the separatory funnel 
to permit the release of evolved carbon dioxide, the sample was 
allowed to stand for 2-5 min to allow completion of the 
reaction. The aqueous phase was then extracted three times with 
25 mL volumes of methylene chloride. The combined extracts were 
dried with NaSO, and the solvent volume was reduced to 100 wL 


uSing a Kuderna-Danish evaporator followed by a gentle stream of 


nitrogen, as previously described. 
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Urine samples (5 mL) were acylated with acetic or propionic 
anhydride in 15 mL teflon-lined screw capped test tubes in a 
similar manner. The acyl derivatives were extracted by shaking 
the urine samples twice for 2 min with 2 mL of methylene 
chloride. After combining the extracts, traces of water were 
removed by passing the methylene chloride through a Pasteur 
pipet containing a glass wool plug and approximately 1 g of 
anhydrous Na,S0,- The NaS, column was rinsed with a further 
0.5 mL of methylene chloride and the dried extract was 
concentrated to 100 ywL using a gentle stream of nitrogen. 

As described in Section E, forensic samples and morphine 
Standards were dissolved in distilled water containing NaHCO. ; 
the solutions were acylated by the addition of 0.1 ml. of 
propionic or acetic anhydride. When the acylation reaction was 
complete (2-5 min), the solutions were extracted twice with 1.0 
mL aliquots of chloroform : 2-propanol (9:1). The organic 
solvent extracts were concentrated to 100 pL using a gentle 


stream of nitrogen. 


b) Phase Transfer Method 

To a 2 mL aqueous solution containing 0.01-200 wg of 
morphine, 200 mg of Na,C0. and 4 mL of ethyl acetate : aceto- 
nitrile (9:1) containing 2 wl of PFBC were added. The phase 
transfer reaction was allowed to proceed to completion (5 min) 
with constant vortex mixing. The organic layer was removed and 


dried with Na.SO, as described for urine samples in method a). 
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The extract was then evaporated to dryness under a gentle stream 
of nitrogen and the residue was redissolved in 100 wl of 
toluene. To remove traces of unreacted PFBC, the toluene layer 
was mixed by vortex for 15 sec with 200 pL of 10 N NH, OH 
solution. The toluene layer was then analyzed by ECD-GLC using 


a 3% OV-17 column (0.84 m) at 280°C, isothermal. 
2% Perfluoroacylation 


N-Acylated BA (internal standard), ANI, 3-CA, 4-CA, 4-BrA and 
3-C1-4-MeA, N,Q-diacylated 2-, 3- and 4-AP isomers and 30-acylated 
morphine were further reacted with TFAA, HFBA or PFPA to produce 
derivatives with enhanced electron capture detection sensitivity. To 
100 pL of the extract containing the acylated compounds, obtained as 


described in the i situ acylation procedure, 50 wl of the 


appropriate perfluoroanhydride was added. The mixture was capped, 
vigorously shaken for 15 sec, and then allowed to react at room 
temperature for 15 min. One mL of cyclohexane was added and the 
sample volume was concentrated to 100 pL under a gentle stream of 


nitrogen prior to GLC analysis. 
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A. METHOD DEVELOPMENT - ANALYSIS OF STANDARD MIXTURES 


1. Recovery of Phenols from Aqueous Solution 


Methods for the determination of trace concentrations of phenols 
in aqueous samples generally include an extraction and/or 
concentration step prior to GLC analysis. Direct solvent extraction 
and XAD resin adsorption are two commonly used methods. In this 
study, the extraction efficiencies of these two methods were compared 
to that achieved by liquid-liquid extraction of phenols as acetate 
derivatives prepared directly in aqueous solution. As shown in Table 
VIII, the recoveries of PHE and m-CRE from 250 mL of water by liquid- 
liquid extraction with 15 mL of methylene chloride were less than 
70%. Recoveries of the phenolics by adsorption on XAD resins and 
subsequent elution with acetone, ether or methylene chloride were 
very similar. None of these methods recovered even 50% of PHE in the 
mg/L concentration range. Recoveries of all the phenols listed in 
Table VIII would be expected to worsen substantially at lower 
concentration levels. Van Rossum and Webb (292), for example, 
reported recoveries “of 14-46% and 33-69% for PHE’ and »p-CRE, 
respectively, at the 50 ug/L level using XAD resin adsorption. One 
objective of the present study was to keep the volume of extracting 
solvent as low as possible and when this was done (Table IX), 
efficiency of recovery was found, as expected, to be directly related 
to the concentration of the phenol in aqueous solution. When, for 


example, 1.0 mL of water which contained 94 wg of PHE was extracted 
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Table VIII. Recovery of Phenols (0.5 mg/250 mL) from Water by 
Liquid-liquid Extraction and Resin Adsorption 
RECOVERY (%) 


Biquideliauic XAD-2 Resin Adsorption 


Extraction Methylene 

Compound Methylene Chloride Acetone Ether’ Chloride 
2-nitrophenol Seite 950 101, 0 94.0 
phenol 43.4 45.4 6 wae Gr.g 
m-cresol 66.9 Toke: 68 .0 POU 


2,4-dichlorophenol 80.0 84.0 78.0 B30 
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Table IX. Effect of Concentration and Solvent:Water Ratio on the 
Extraction Efficiency of Phenol and Phenyl Acetate 


Concentration (ug/mL) Recovery (%) 


Concentration Water : CHOCT, Phenyl Phenyl 
(mM ) Ratio Phenol Acetate Phenol Acetate 


baa) dees 94 136 100 100 

Oe) bg aaa 9.4 HiSyals) 90.8 93.0 
0.05 PAU 4.7 6.8 42.2 106.7 
0.002 oOcd 0.188 O72 26.0 100.0 


1. A calibration curve was constructed to determine phenol recoveries 
using naphthalene as the internal standard. 
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with 1.0 mL of methylene chloride, virtually all of the _ phenol 
entered the organic phase. However, when 10 mL of water containing 
9.4 pg/mL PHE was similarly extracted, only 51% of the phenol was 
detected in the organic solution. In contrast, the recovery of PHE 
as phenyl acetate, following aqueous acetylation, remained 
quantitative at all-concentrations and water : solvent ratios 
examined. 

The aqueous acetylation method was applied to the analysis of 
four synthetic mixtures containing 0.02-0.06 pwmoles of each phenol 
and 0.05 wmoles of 1-NAP internal standard. The amount of phenols 
added and found by extraction are shown in Table X. The recoveries 
ranged from 90-104% and demonstrated that the method could accurately 


quantitate low concentrations of phenols in aqueous solution. 


a Derivatization and GLC Analysis of Simple Phenols 


While many of the existing methods for phenol analysis are 
capable of detecting ppb concentrations, these procedures have three 
major disadvantages. They are time consuming; they require that the 
phenols be removed from the aqueous solutions by extraction with an 
organic solvent; and although many procedures are suited to the 
quantitation of trace amounts of phenols in small volumes of urine, 
they are not readily adaptable to the analysis of microgram 
quantities of phenolic compounds in large volumes (up to 1 L) of 
aqueous solution. Extraction of aqueous solution by organic solvents 


or adsorption and elution from macroreticular resins (Tables VIII and 
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Table xX. 


Added (umoles) 
Found (umoles) 


Recovery (%) 


Added (pmoles) 
Found (umoles) 


Recovery (%) 


Added (umoles) 
Found (umoles) 


Recovery (%) 


Added (umoles) 
Found (umoles) 


Recovery (%) 


Phenol 


100 


0.35 


025 
.026 


. 060 
.058 


.020 
.020 


90 


o-Cresol 


.020 
.019 


6060 
046 


.035 
032 


Phenols 


OG 
Ck 


G3 
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m-Cresol 


060 
056 


.040 
041 


.020 
.020 


035 
.034 


Recovery of Phenols as Acetates from 250 mL Aqueous 
Solution 


OQ. 


Oe 


ge 


102 


a7 


2,4-Dichlorophenol 


035 
032 


.0250 


.0255 


, 005 
pi Wishs 


2 
Pt lhe 
f | 
j 
j 
4 
/ 
14 
\ \ 
* 
} 
' 
tii 


' \ . | 


mh ~ 
siGenpA jm OUT mor? zedseteoh eet 


98 


IX) resulted in a low recovery of phenolic compounds. In contrast, 
trace amounts of some methyl- and chlorophenols (Table X) could be 
directly acetylated in water and the resulting esters quantitatively 
extracted and analyzed by GLC. In this study, the aqueous acylation 
method was applied to the GLC analysis of the forty-one phenols 
listed in Table XI. Nine of the eleven phenols designated by the EPA 
as priority pollutants (293-295) were included. As shown in Table 
XI, specific guidelines for the maximum permissible concentration of 
many phenolic compounds in drinking water have been set by the EPA 
(1), the U.S.S.R. (1, 52) and Health and Welfare Canada (36). The 
Council on Environmental Pollutants (296) recently formulated a list 
of voluntary reference compounds which are to be used for comparison 
of improvements in new or modified techniques with existing 
methodology. Most of the reference compounds listed are known water 
pollutents for which present methods of isolation, separation, 
identification and quantitation are considered inadequate. AS 
indicated in Table XI, seven of these thirteen consensus voluntary 
reference phenols were included in this study. 

Acetic anhydride and propionic anhydride were used successfully 
for the preparation of acyl derivatives of all the phenols shown in 
Table XI. The direct acylation procedure for derivatization of trace 
phenolic concentrations was readily adaptable to both large and small 
sample volumes. Acylation proceeded rapidly to completion at room 
temperature using as little as 1 mL of acetic anhydride or propionic 
anhydride to derivatize a basified 1-litre water sample. The 


derivatives, once extracted into an organic solvent, were stable and 
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could be stored for as long as one week at 4°C with virtually no 
decomposition. Results for the GLC analysis of each group of phenols 


listed in Table XI are now discussed in greater detail. 


a) Nitrophenols and 1-Naphthol 

Illustrated in Figure 7 are the differences in retention 
times of the original phenols and the corresponding acetylated 
derivatives when chromatographed on a 5% OV-101 column. The 
identities of the compounds giving rise to each peak in Figure 7 
were confirmed by the mass spectral data shown in Table XII. 
Plausible mass spectral fragmentation pathways for acetate 
derivatives of NPs and 1-NAP are shown in Figure 8. The 
fragmentation pathways of underivatized 1-NAP and the NPs are 
Similar to those of their respective acetate derivatives 
following the loss of the neutral molecule ketene (0=C=CH, ) from 
the molecular ion. The major fragment ions in each spectrum are 
consistent with literature reports on the fragmentation of 
phenols and aromatic nitro compounds (297). As shown in Table 
XII, the mass spectra obtained for 2-NP and 4-NP were very 
similar. The fragment ion m/z 122, which may be produced as a 
result of an "ortho" effect (Scheme 7), was absent from the mass 
spectrum of 4-NP. 

The gas chromatogram of 2- and 4-nitrophenyl acetate and 
l-naphthyl acetate (Figure 9) was obtained by adding 0.2 umoles, 
0.2 umoles and 0.1 pumoles, respectively, of each phenol to 250 


mL of distilled water and acetylating these phenols directly in 
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GLC-MS total ion trace of 2-nitrophenol, 4-nitrophenol, 
l-naphthol and their respective acetate derivatives. 
Peak 1: 2-nitrophenol; 2: 2-nitrophenyl acetate; 

3: 4-nitrophenyl acetate; 4: 1-naphthol; 5: 1l-naphthy] 
acetate; 6: 4-nitrophenol. Chromatographic conditions: 
5% OV-101,, 100 - 220°C ‘at’ 8°/min. 
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Table XII. Diagnostic Fragment Ions in the Mass Spectra of 
2-nitrophenol (Ia), 4-nitrophenol (Ila), l-naphthol 
(IIIa) and Their Respective Acetyl Derivatives, Ib, 
bibsand sti 1b 


OR OR OR 
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Gas-liquid chromatographic separation of acetate derivatives 
of 2-nitrophenol (1), 4-nitrophenol (2) and 1-naphthol (3) 
prepared directly in aqueous solution. A 250 mL water 
Sample containing 0.2 umoles of each nitrophenol and 0.1 
umole of l-naphthol was acetylated and extracted. 
Chromatographic conditions: 5% OV-101, 100 - 220°C at 
8°/min. 
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Scheme 7. 


the aqueous solution. The conversion was quantitative. Only 
the acetate esters were detected by GLC; peaks corresponding to 
the underivatized phenols were absent from the trace. 

Calibration graphs (Figure 10) were similarly obtained by 
GLC analysis of methylene chloride extracts of acetylated 250 mL 
aqueous solutions containing 0.02-0.2 umoles each of 2- and 4-NP 
and 0.1 umoles of internal standard 1-NAP. When 250 mL 
solutions containing 0.045-0.18 pmoles each of 2- and 4-NP plus 
0.1 umole of 1-NAP were analyzed by this procedure, recoveries 
of 97% or greater were repeatedly obtained. Detection of all 
three compounds at concentrations as low as 1 yag/L (Figure 11) 


was possible using FID. This compares favorably with other 
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Figure 10. 
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(o-nitrophenyl acetate) 
(1-naphthy! acetate ) 


Relative response 


De ees eae ! a Eee Cee 
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(B) 


(1-naphthyl acetate) 


(p-nitropheny! acetate) 


Relative response 
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Calibration graphs for the acetate derivatives of 
(A) 2-nitrophenol and (B) 4-nitrophenol in the 
concentration range 0.02-0.2 umoles in 250 mL 
distilled water. Chromatographic conditions: 5% 
OV-101, 100 - 220°C at 8°/min. 
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A flame ionization detector could easily detect as 
little as 1 pg/L each of 2- and 4-nitrophenol and 
l-naphthol in a 500 mL water sample following 
aqueous acetylation. Peak 1: 2-nitrophenyl acetate; 
2: 4-nitrophenyl acetate; 3: l-naphthyl acetate. 


Chromatographic conditions: 5% OV-101, 100-220°C 
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procedures for the detection of 4-NP (138) and 1-NAP (188) using 
ECD-GLC. 

Many underivatized phenolic compounds can be analyzed gas 
chromatographically using acid deactivated columns which 
overcome peak tailing and adsorption; 4-NP is an exception. 
Shackelford and Webb (87) compared the performance of SP-2250, 
SP-1000, Ultra-Bond, SP-1240 DA and Tenax GC for the GLC 
analysis of underivatized phenols. 4-NP did not elute from 
SP-2250 and the other four columns gave very poor results for 
the chromatography of injected concentrations of less than 100 
ng. In contrast, the stable acetate derivative of 4-NP prepared 
in this study has excellent GLC properties even using a 


conventional undeactivated liquid phase such as OV-101. 


b) Alkyl-, Methoxy- and Polyhydric Phenols 

Illustrated in Figure 12 is the gas chromatographic 
separation of twelve alkyl-, methoxy-, polyhydric and nitro- 
phenols using a packed 1% SP-1240 DA column with 4,6-DBC as 
internal standard. As shown in Table XIII, however, many 
ethyl-, dimethyl- and isopropylphenols closely overlap using 
this column and the isomer pairs m- and p-CRE, 3- and 4-ethyl- 
phenol (EtP) and 2,4- and 2,5-DMP could not be resolved. 
Similar results were obtained using a packed 5% OV-101 column. 
A gas chromatogram of 2-, 3- and 4-ethylphenyl acetates on 
OV-101 is illustrated in Figure 13; alterations in temperature 
programming and flow rate did little to improve the resolution 


achieved. 
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Gas-liquid chromatographic separation of a mixture of 
alkyl-, methoxy- and nitrophenols following aqueous 
derivatization with acetic anhydride. Peaks are acetate 
esters of 1: 2-ethylphenol; 2: 2-isopropylphenol; 

3: 2,4-dimethylphenol; 4: 4-ethylphenol; 5: 2,3-dimethy1- 
phenol; 6: 4-isopropylphenol; 7: guaiacol; 8: catechol; 

9: 2-nitrophenol; 10: eugenol; 11: 4,6-dibromo-o-cresol 
(internal standard); 12: 3-nitrophenol; 13: 4-nitrophenol. 
Chromatographic conditions: 1% SP-1240 DA, 75-170°C at 
4°/min. 
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Table XIII. GLC Separation of Alkylphenol Isomers Using Packed 


Columns 


Phenol 


(As acetate derivative) 


phenol 
o-cresol 
m-cresol 


p-cyresol 


2-ethyl phenol 
3-ethyl phenol 


4-ethyl phenol 


2,3-dimethy1 phenol 
2 ,4-dimethyl phenol 
2,5-dimethy] phenol 


2-isopropyl phenol 
3-isopropyl phenol 


4-isopropy! phenol 


4-bromophenol 


4 ,6-dibromo-o-cresol 


Column temperatures: 


he 
2. 
3 


Relative Retention Time 


5% ov-101! 


0.68 
0.68 


Oe 7 
0.86 
Ooo 


0.89 


et) 


75 - 220°, 8°/min 
210°, isothermal 
75 —°170°,°4° ymin 


0.1% SP-1000 


0.41 
0.48 


O75 
O76 
Ooo 
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Figure 13. 
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Complete resolution of acetate derivatives of 2-, 3- and 
4-ethylphenol could not be achieved using a packed 5% 
OV-101 column. Peaks are acetate esters of 1: 2- 
ethylphenol; 2: 3-ethylphenol; 3: 4-ethylphenol; 4: 4- 
bromophenol (internal standard). Chromatographic 
conditions: 75-220°C at 8°/min. 
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Diagnostic fragment ions in the mass spectra of acetate 
derivatives of some alkyl-, methoxy- and polyhydric phenols are 
Summerized in Table XIV. General fragmentation pathways of 
acetate ester derivatives of CRES, DMPs and EtPs are shown in 
Figure 14. The mass spectra of all of the acetylated phenols 
exhibit an intense (M-42) fragment ion due to the loss of a 
neutral molecule of ketene from the molecular ion. The cresols 
contain a strong (M-43) ion, possibly due to the formation of a 
Stable hydroxytropylium ion. The intensity of the (M-43) ion in 
the spectra of DMPs and EtPs is reduced at the expense of a 
strong m/z 10/7 fragment ion due to further loss of a methyl 
radical. The ions m/z 91, m/z 77 and m/z 65, which correspond 
to fragments CoH>+, CeHe+ and CoHets are commonly encountered in 
the mass spectra of alkylbenzenes and alkylphenols. Ions of 
Similar molecular weight occur both in the mass spectra of DMPs 
and EtPs. Since the fragments are structural isomers, the DMPs 
and EtPs could not be distinguished by the mass spectral data 
Shown in Table XIV. 

It has been demonstrated (161) that 0.1% SP-1000 resolves 
the three cresol isomers. Other alkylphenols have also been 
separated into the sequential groups of phenol, cresols, ethyl- 
phenols and dimethylphenols with no overlap between the groups. 
As shown in Table XIII, similar results were achieved for the 
acetate ester derivatives of the alkylphenols listed. During 
the course of this study, the SP-1000 column was found to be 


most useful for the identification of cresol isomers. As 
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Figure 14. General mass spectral fragmentation pathways of acetate 
ester derivatives of (A) cresols, (B) dimethylphenols 
and (C) ethylphenols. 
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illustrated in Figure 15, the cresyl acetate derivatives could 
be easily separated within 10 min. SP-1000 packing material is 
thermally unstable, with an upper temperature limit of 225 “fe 
(161). The column was, therefore, unsuitable for the analysis 
of alkylphenols less volatile than the cresols. At 210°C, the 
long retention times and broad peaks obtained for acetylated 
DMPs and EtPs resulted in low detection sensitivities for these 
compounds. The dimethyl phenyl acetate isomers could not be 
resolved using SP-1000. 

In Figure 16 are depicted calibration graphs for acetylated 
PHE, O-CRE and p-CRE in distilled water which were linear over 
the 0.01-0.40 wmoles/volume concentration range using an OV-101 
column and FID-GLC. The gas chromatogram in Figure 1/7 was 
obtained by acetylating 0.01 wmoles of PHE, o- and p-CRE and 
0.10 wmoles of 4-BrP directly in 1 L of distilled water. The 
detection limit of these three compounds on an OV-101 column was 
1 nmole/L ( 0.1 ug/L) using FID-GLC. Despite these excellent 
detection sensitivities, unequivocal identification and 
quantitation of complex mixtures could not be achieved because 
many alkylphenol compounds and isomers within each group of 
compounds could not be separated. The resolution of complex 
mixtures of acylated alkylphenols would require the use of high 


efficiency capillary columns. 
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Figure 15. 


Recorder Response 
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Time (min) 


Separation of acetate derivatives of phenol (1), 
o-cresol (2), m-cresol (3) and p-cresol (4) using 
a Carbopack C/0.1% SP-1000 column. Chromatographic 
conditions: Isothermal at 210°C. 
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Figure 16. 
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Calibration graphs for the acetate derivatives of phenol (A), 
o-cresol (0) and p-cresol (G) in the concentration range 
0.01-0.4 umoles/volume. Chromatographic conditions: 5% 
OV-101, 75-220°C at 8°/min. 4-Bromophenol (0.1 umole/volume) 
was used as the internal standard for calibration. 
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Figure 17. 


Recorder Response 
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Time (min) 


Gas-liquid chromatogram obtained by direct aqueous 
acetylation of 0.01 umoles each of phenol, o-cresol 
and p-cresol and 0.10 umoles of internal standard 
4-bromophenol in a 1 L distilled water sample. Peak 
1: phenyl] acetate; 2: o-cresyl acetate; 3: p-cresy] 
acetate; 4: 4-bromophenyl acetate. Chromatographic 
CONG) LIONS: e550. OV- 101. (75-220°C at 8° /min. 
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c) Chlorophenols (Selected Ion Monitoring-Mass Spectrometry) 

Many gas chromatographic methods exist for quantitation of 
chlorinated phenols in biological fluids (72-75, 167), tissues 
(89, 98, 107, 170), river water (89, 197), industrial wastes 
(91, 108) and many other sample matrices (93, 101, 103, 104). A 
major limitation of these analytical techniques is the high 
degree of uncertainty associated with identification of 
compounds based simply on the coincidence of GLC retention times 
with those of authentic standards. Quantitation of chloro- 
phenols at ppb levels has been frequently reported (72, 74, 75); 
natural constituents in a biological extract may, however, have 
GLC retention times similar to the chlorophenols of interest and 
the reliability of trace analysis using ECD-GLC has recently 
been questioned (6). Although ECD is highly sensitive, it is 
nonspecific and additional evidence is necessary to confirm the 
identities of GLC peaks. Confirmation of identity can be 
obtained by using the mass spectrometer as a very specific and 
sensitive detector in selected ion monitoring (SIM) mode (178, 
1973) 298 } 

In the present study, both propionate and acetate 
derivatives of PHE, o-CRE, p-CRE, 2-MCP, 4-MCP, 2,4-DCP, 
2.6-0CP, bcs 476-4 Crr 62,4 .0-16P," 253,450-1eUrs ucso,550-1eCr, «PCP 
and the internal standard 4,6-DBC were prepared directly in 
aqueous solution using the appropriate reagent anhydride. 
Typical chromatograms of the acetates and propionates on 1% 


SP-1240 DA are shown in Figure 18; complete resolution was 
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Peak identification, 

acyl derivatives of: 

phenol 

o-cresol 

p-cresol 

2-chlorophenol 
4-chlorophenol 
2,6-dichlorophenol 
2,4-dichlorophenol 
2,4,6-trichlorophenol 
2,4,5-trichlorophenol 
2,3,4,6-tetrachlorophenol 
4,6-dibromo-o-cresol 
2,3,4,5-tetrachlorophenol 
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Gas chromatograms obtained by derivatization of 20 nmoles 
of each phenol in 100 mL distilled water with acetic 
anhydride (A) and propionic anhydride (B). Chromatographic 
conditions: 1% SP-1240 DA, 75-170°C at 8°/min. 
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achieved within a 12 min period. Similar resolution could also 
be achieved using conventional column packings such as OV-101 
(Figure 19). Identities of the compounds Piano rise to each 
peak in Figure 18 were confirmed by the mass spectral data shown 
in Table XV. Following the expulsion of ketene or methylketene, 
respectively, from the molecular ions of the acetate and 
propionate esters, the mass spectra of the two phenol 
derivatives shown in Table XV are very similar. Plausible 
fragmentation pathways which explain the major ions in the mass 
spectra of the propionate and acetate derivatives of 4,6-DBC and 
PCP are shown in Figure 20 and Figure 21, respectively. The 
major mass spectral fragmentation pathway of aromatic chlorides 
and bromides (297) is due to the loss of a halogen radical, 
unless alkyl substituents larger than methyl are present. In 
such compounds, the loss of the halogen radical is more 
pronounced than the loss of a hydrogen halide molecule. As shown 
in Figure 20, the m/z 187 (m/z 185) ion cluster is due to the 
loss of a bromine radical from the odd electron 4,6-DBC ion. 

In Table XV, the chloro- and bromophenols listed often have 
several ions designated as the molecular ion ([Mt+t]). Both 
bromine (Br’9, pr®!) and chlorine (c13°, 137) have two natural 
isotopes which occur with appreciable abundance. These isotopes 
result in the very characteristic clusters of ions separated by 


two mass units which are prevalent in the mass spectra of the 


halogenated phenols included in Table XV. Diagnostic and 
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Figure 19. Acetate derivatives of chlorophenols can also be 
resolved using a packed 5% OV-101 column. 
Chromatographic conditions: 75-220°C at 8°/min. 
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Table XV. Diagnostic Fragment Ions in the Mass Spectra (70 eV 
ion source) of the Acetyl (1) and Propionyl (I1) 
Derivatives of Environmental Phenols 
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Compound 


phenol 
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2-chlorophenol 


4-chlorophenol 


2,4-dichloropheno|] 
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2,4,6-trichloro- 
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m/z (% Relative Abundance) 
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Table XV (continued): 


Compound R 


es 


m/z (% Relative Abundance) 


2,4,5-trichloro- 
phenol Cl 


2,3,4,6-tetra- Gil 
chlorophenol 


2,3,4,5-tetra- Cl 
chlorophenol 
pentachloro- Cl 
phenol 
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Figure 20. Mass spectral fragmentation pathways of the propionate (1) 
and acetate (II) ester derivatives of 4,6-dibromo-o-cresol. 
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Figure 21. Mass spectral fragmentation pathways of the propionate (1) 
and acetate (II) ester derivatives of pentachlorophenol. 
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abundant ions were chosen from the mass spectral data shown in 
Table XV for SIM analysis of each of the thirteen phenols as 
acetate and propionate derivatives. The Hewlett Packard Model 
5934A MS data system is capable of scanning twenty selected 
masses during a Single run. A group of four masses was 
monitored at any one time and a total of five groups were 
selected for each SIM analysis. The ions chosen for SIM 
analysis of each phenyl acetate and phenyl propionate are shown 
in Tables XVI and XVII, respectively, and the SIM profiles 
obtained for standard mixtures of the thirteen phenols as 
acetate and propionate esters are shown in Figure 22 and Figure 
23, respectively. The standard profiles were prepared by 
derivatizing 10 nmoles of each phenol in 5 mL of distilled 
water. In addition to the ions monitored in Figure 22 and 
Figure 23, other ions from Table XV could also be used for SIM. 
The abundance of the ions scanned could be optimized by changing 
the ion source voltage. As shown in Figure 24, the relative 
abundance of fragment ions in the mass spectrum of 2,4-dichloro- 
phenyl propionate were affected by changes in ion source 
voltage. As the voltage decreased fewer low molecular weight 
fragments were produced and the abundance of the molecular ion 
Simultaneously increased. In this study, optimum sensitivity 
for each phenol was achieved by using the ionization voltage at 
which the chosen screening ions were present at their maximal 
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Diagnostic Ions Used for Selected Ion Monitoring-Mass 
Spectrometry of Phenols Derivatized with Acetic 


Anhydride 


Acetate Derivatives of: 


phenol 
o-cresol 
p-cresol 
2-chlorophenol 


4-chlorophenol 


2,6-dichlorophenol 


2,4-dichlorophenol 


2,4,6-trichlorophenol 


2,4,5-trichlorophenol 


2,3,4,6-tetrachlorophenol 
4 ,6-dibromo-o-cresol 


2,3,4,5-tetrachlorophenol 


pentachlorophenol 


Group 


II 


et 


IV 


Ion (m/z) 
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Table XVII. Diagnostic Ions Used for Selected Ion Monitoring-Mass 
Spectrometry of Phenols Derivatized with Propionic 
Anhydride 
Peak Propionate Monitored Ions 
Number Derivatives of: Group (m/z) 
4 2-chlorophenol I 128h 13061184, 186 
5 4-chlorophenol eG fo, oo, 166 
6 2 ,6-dichloropnenol I] loz 1647) 218, 220 
7 2,4-dichlorophenol T67ze 21G4. 4213, 220 
8 2,4,6-trichlorophenol II] T9063 898, -25c. 254 
9 2,4,5-trichlorophenol 196. £988 252; 254 
10 2,3,4,6-tetrachlorophenol IV 230. 2o24) ces 
La 4 ,6-dibromo-o-cresol 266 
12 2,3,4,5-tetrachlorophenol 230, Bor. 2Oo 


1S pentachlorophenol V 264, 1420p.) cOdRt 322 
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Figure 22. 


SIM-MS chromatogram of acetate derivatives of a standard 
mixture of thirteen phenolic compounds. lon groups and 
the phenols corresponding to each peak number are 
identified in Table XVI. Chromatographic conditions: 

1% SP-1240 DA, 75-170°C at 8°/min. 
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Figure 23. 
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SIM-MS chromatogram of propionate derivatives of a 
Standard mixture of ten phenolic compounds. Ion 

groups and the phenols corresponding to each peak 
number are identified in Table XVII. 
1h eSR-1240,.DA5.175-170°C.at-8° /min. 
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Figure 24. Effect of ion source voltage (10-70 eV) on the abundance 
of fragment ions in the electron impact mass spectrum of 
2,4-dichlorophenyl propionate. 
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The propionate and acetate derivatives have different 
retention times under identical GLC conditions. The application 
of both SIM programs to the analysis of unknown samples can be 
used to provide complimentary results for the characterization 
of phenols whose identities are in question. SIM-MS can also be 
used as an alternative method for the analysis of biological or 
environmental samples containing interferences which complicate 
the detection of phenols by FID or ECD. Acyl derivatives of the 
phenols in this study could be readily detected at 
concentrations of 1 pmole/mL using SIM-MS. 

Quantitative SIM analysis of phenols, using 4,6-DBC as an 
internal standard, was not possible. The linear relationship 
between concentration and ion peak area was inconsistent at low 
concentration levels. Generally, the fragmentation and chemical 
characteristics of a suitable reference compound for SIM 
quantitation must closely parallel those of the compound of 
interest. Bose and Fujiwara (189) prepared PCP benzoate 
derivatives and used the corresponding pentadeuterated benzoate 
of PCP as the internal standard for quantitative SIM analysis. 
Ingram et al. (175) described a mass spectrometric isotope 


180 _Jabelled PGRe asusthet reference 


dilution method using 
compound. Wu et al. (178) used pentachlorophenetole as an 
internal standard for PCP analysis and a plot of peak height 
versus concentration was linear. For quantitative analysis, 


internal standards other than stable isotope-labelled analogues 


can be used but results are usually less accurate at low 
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concentrations due to differences in partition coefficient and 
chromatographic properties of the compound and internal 
standard. 4,6-DBC, therefore, could be used as a retention time 


marker, but was not suitable for quantitative analysis. 


3. Derivatization and GLC Analysis of Aminophenols and Anilines 


Present HPLC and GLC methods for the separation and quantitation 
of aminophenols, aniline and haloanilines in dilute aqueous solutions 
are inadequate for several reasons. The procedures are generally 
lengthy and satisfactory resolution of complex mixtures of amino- 
phenol isomers, aniline and closely related haloanilines has not been 
achieved. The HPLC methods reported by Sternson and DeWitte (232, 
233) permit the separation of 2- and 4-AP, but these studies did not 
include the 3-AP isomer. Lores et al. (39) were able to separate 3- 
and 4-CA using HPLC with solvent programming. Their study, however, 
did not include 3-C1-4-MeA, which usually cannot be separated from 
4-BrA. The HPLC method of Lores et al. was insensitive and required 
quantities greater than 10 ng on-column for UV detection. Solvent 
programming cannot be used with electrochemical detectors; increased 
sensitivity was achieved with the concomitant loss of compound 
resolution (39). Bradway and Shafik (137) evaluated the derivatiza- 
tion techniques currently available for the GLC analysis of a number 
of substituted anilines. All of the procedures required the 
extraction of the compounds of interest from water into. an organic 


solvent prior to derivatization. Although numerous halogenated 


aet 


ie 


a - fe, 


bag Inept tta0o roi nei a | 
isoregas bas bewoqmes only a 
asie nopsasdey fs as Hee dd! niin: aio 

 athaytena ovitea tase: AO i { 


a 


Fi olas 
Cy 


amar Tins ia >Tonargontms te 2graaty p28 

aot 

AGT IK AMineuy bas notsitAghe ONS 407 ebmncaim Dall rs! . 
mntinige Beaeyes Fre benst sant Pena ies some Frm efor 
vffetsriag S16 eanihdeerg SAF  <ancaieg hyeves: sr set 
sontns Fa veyurxte xehgmdd> To wranigaan qnossetersee, pay ; 
need toa eet cenkfingolad Helefea qigaain: ies ent ites Fy 
88) sored. Sas voanvadd yt bettoget hover 2404 .etT 
‘on Bb, gerbad2 oaedd mwd.oAheh rag #§ to notsevsqe2 wn ateee ate a 
-{ atetegse.o! of%6 syvew) (RO): whe ee eoned “. vaninge qAnE 9 + Adie 
“inner wous2 vied?) pation Syevios: dtte sila Adnd bi 
mort haganade2 of Tonto vi Texcaw 49 Fite a Lo 


pasfupe? bis ovitieseent daw phe Ge) Peres Vo bodstem { 


sanveo? . -wattnetab. VU 20t-ametggeng pn’ Of nedt es 
havssnont sarqtsoteh. (oakepiioniseie daiw beau od hie 
hewegtos to eea! tose eorom aie Adie bevetdae: ew 
~apfaeviveh sit bere fave CSET ATMs, bas qawbayd “Le E) 
vatitiun 8. Fo eizytans Dla gM! ot abst ave, a ar - 
att bevtupe ahaa oat eum. - Reavh htes Dal 
ateho Hs: ONT “Yah a) | ms OO 


 padanego led 2voomb 


136 


derivatives of anilines sensitive to ECD-GLC have been prepared, no 
similar derivatives of aminophenols have been reported. 

In this study, a GLC method was developed which allows the 
efficient extraction of anilines and aminophenols from aqueous 
solution and which provides improved compound resolution and 
detection sensitivity. Acetate derivatives of ANI, 3-CA, 4-CA, 
4A-BrA, 3-Cl-4-MeA, 2-AP, 3-AP, 4-AP and internal standard BA were 
prepared directly in aqueous solution using acetic anhydride. The 
reaction produced N,Q-diacetylated derivatives of the aminophenol 
isomers and N-acetylated derivatives of the anilines and BA. The 
acetates, efficiently extracted from the aqueous medium into 
methylene chloride, were then reacted with TFAA. Following aqueous 
acetylation, aminophenol and aniline derivatives had excellent GLC 
properties. Further reaction with TFAA produced highly electron 
capture sensitive derivatives, which reduced the minimal detection 
limit of the method. The reaction sequences are illustrated in 
Scheme 8. The reaction shown for ANI is typical of all the 
haloanilines included in this study. Following reaction with TFAA, 
the excess reagent must be removed prior to GLC analysis. The usual 
method of neutralizing TFAA with an alkaline buffer caused some 
breakdown of the triacylated aminophenols and diacylated BA and 
anilines. Excess TFAA could not be removed by evaporation to dryness 
Since the derivatives were volatile and subject to uncontrolled 
losses. Cyclohexane (b.p., 81°C) was added, prior to concentration 
with a gentle stream of nitrogen, to avoid evaporative losses and to 


allow the removal of traces of TFAA (b.p., 40°C). 
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A. Derivatization of aniline (R=C-H 


P 5) and benzylamine (R=C,H CH,): 


6 5 
: COCF 
Reng menisenemols | puncocn, FAA pee. 
Anhydride coc 
B. Derivatization of aminophenols: 
NH, acetic ant, 
anhydride 3 
OH 
CH.COO 
TFAA 
COCH 
N 
COCF 
CH3COO 
Scheme 8. 


The structures of the trifluoroacetylated products depicted in 
Scheme 8 were confirmed using EI-MS and CI-MS. The major fragment 
ions in the EI mass spectrum of each derivative are identified in 


Table XVIII; plausible pathways that explain the formation of these 
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Table XVIII. Diagnostic Ions in the Spectra of the N-acetyl, 
N-trifluoroacetyl] Derivatives of the Substituted 
Anilines (I) and Internal Standard, Benzylamine (I1) 
and N,Q-diacetyl, N-trifluoroacetyl Derivatives of 
Aminophenols 


pes pl 
COCH COCH 
RS N : « )roek 3 
cOcr, COCF 
I 1] 
Derivatives m/z (% Relative Abundance) 
Ri Re RS 
I -H -H -H 231 (absent) [Mt]; 190(9); 189(100); 
120(42):; 92(10); 69(10); 43(84) 
I -H ag ar 267(1.5) 265(4)(Mt]; 225(35); 223(100); 
P5600) 15480) 128(5)— 126(2 he 43171) 
I -H -H =O] 265(3)(Mt]; 225(33); 223(100); 156(8); 
154(30); 128(9); 126(12); 43(76) 
I 3s =Olp -E=CH, 281(2); 279(6)[Mt]; 239(34); 237(100); 
170(8); 168(28); 142(8); 140(12); 69(8); 
43(60) 
I ye -H -Br 311(5); 309(6)[Mt]; 269(96); 267(100); 
200(36) 198(34); 172428)--170(20); 69(20)- 
43(95) 
4 
iy Saati aa -H 289[Mt] (absent); 247(27 F 205(76)< 187(45): 
136(100); 108(23),069(10); 43(67) 
I ech ee 289[Mt}](2); 247(34); 205(100); 149(32); 
, 136(26); 43(3) 
I -H -H -OCCH, 289[Mt](3); 247(29); 206(10); 205(100); 
108(6): 69(2); 43(3) 
I] 245(5)(Mt]; 203(100); 202(75); 106(37); 


91128) 3 69(15); 43(91) 
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ions are indicated in Figure 25 and Figure 26. As shown in Table 
XVIII, the m/z 289 molecular ion of the 2-AP derivative was absent 
from the EI mass spectrum. The’ exact structure of this derivative 
was, therefore, in some doubt. As a result of steric hindrance, the 
diacylated derivative (A) shown in Scheme 9 could have been formed 


rather than the triacylated derivative (B). 


it 
OCCH, (A) 
HN—C—CF 
ea 63 
0 
1. Acetic Anhydride 
2. TFAA 
OH 
NH. 
: 0 
2-aminophenol i (B) 
OCCH. 
cHac > C—aRs 
I I : 
0 0 


Scheme 9. 


CI-MS was used to unequivocally characterize the nature of the 2-AP 
derivative; the spectrum obtained is shown in Figure 2/7. The 
presence of the quasimolecular ion (MH ) at m/z 290 confirmed that 


2-AP also formed the triacylated derivative (B). 
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General fragmentation pathway: 


OCOCH. f 
cock 7 CH4C=0+ (m/z 43) 
< (m/z 289) 
COCF3 CFz* (m/z 69) 
| -CH,=C=0 
OCOCH. OH 
NHCOCF lt pea NHCOCE i 
3 PERE 3 mo NHC=0+ 
(m/z 247) (m/z 205) (m/z 136) 


Figure 25. Mass spectral fragmentations of derivatized aminophenols./~4 


1. Molecular ion (m/z 289) is of low abundance in the electron impact 
mass spectra of the m- and p-isomers, and absent from the spectrum 
of the o-isomer. Using chemical ionization mass spectrometry the 
molecular weight of o-, m-and p-aminophenol derivatives was 
confirmed to be 289. 


2. In the spectrum of the o-isomer, the ion m/z 136 was the base peak. 
This may be due to the formation of a cyclized fragment ion (i). 


H + + 
N N NH Ho 
AS \\ 


(i) (ii) (iii) (iv) 


3. Only the spectrum of the o-isomer contains an abundant ion, m/z 18/7. 


This is formed by the expulsion of CH3CO0H from ion, m/z 247. Such 
an ‘ortho effect' would yield ion (ii) 


4. The spectra of the o- and p-isomers contain weak ions, m/z 108 which 
are presumed to possess the structures (iii) and (iv) respectively, 
and are formed by the expulsion of CO from ion, m/z 136. A quinonoid 
ion cannot be formed from the m-isomer. 
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COCH. PhCH, (m/z 91) 
a 
a) goa = Coch (m/z 245) CH.C=0+ (m/z 43) 
Oe (m/z 69) 
-CH=C=0 
ae 5 - 
PhCH,NHCOCF, (m/z 203) ae SR CoHyN* (m/z 106) 
|-* 
+ 
PhCH=NHCOCF, (m/z 202) 
cocH, CHC=0+ (m/z 43) 
A 
b) PhNw (m/z 231; absent) CF" (m/z 69) 
cOCF. 
+ 
Cm 7) 
-CH,=C=0 
i Te -CO 
PhNHCOCF, gredse! 3 eS (Ph NHC 0p eee AG AN 
(m/z 189) (m/z 120) yz 92) 


Figure 26. Mass spectral fragmentation of a) derivatized 
benzylamine and b) derivatized aniline. 
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2-AP, 3-AP, 4-AP and ANI were added, at concentrations of 5-500 
nmoles each, to distilled water samples (100 mL) containing 50 nmoles 
of BA. The prepared standard samples were acetylated, extracted and 
trifluoroacetylated according to the described two-step procedure. 
Linear calibration graphs were obtained by FID-GLC using a_ packed 
3.0% OV-17 column. Figure 28 is the gas chromatogram of one of the 
extracts (50 nmoles each of BA, ANI, 2-, 3- and 4-AP/100 mL) prepared 
for the calibration graph. Both the acetic anhydride and TFAA 
reactions were quantitative; peaks corresponding to the underivatized 
aminophenols or acetates were absent from the trace. The minimum 
detectable concentration of each of the derivatized compounds was 5 
nmoles/100 mL. Since! onliyi 1 wh of the fine! preparation 
(approximately 20 wl) was chromatographed, this represents an 
injection of 0.25 nmoles "on-column". 

The use of a capillary column improved the resolution of the 
aminophenol derivatives (Figure 29) and the incorporation of an ECD 
greatly enhanced the sensitivity of the procedure. Calibration 
graphs obtained using this system were linear over the concentration 
range of 0.25-500 nmoles for all four compounds when dissolved in 100 
mL of distilled water. A segment of these graphs is shown in Figure 
30. The minimum detectable concentration was Q.1 nmole/100 mL for 
each derivatized amine (equivalent to 0.33 pmoles “on-column"). 

As shown in Table XI, the U.S.A. has not set effluent limits for 
the aminophenols and anilines. The U.S.S.R. (1, 52) has set 
toxicological limits of approximately 100 nmoles/100 mL for ANI, 10 
nmoles/100 mL for 2-AP and 50 nmoles/100 mL for 3- and 4-AP. The 
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Figure 28. Gas-liquid chromatographic separation of derivatives of 
aniline and the aminophenols using a packed column and 
flame ionization detection. Peak 1: aniline; 2: 
benzylamine; 3: 2-aminophenol; 4: 3-aminophenol ; 
5: 4-aminophenol. A 100 mL distilled water sample 
was spiked with 50 nmoles of each compound. 
Chromatographic conditions: 3% OV-17, isothermal 
at 155°C (1.68m, 80-100 Chromosorb W). 
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Gas-liquid chromatographic separation of derivatives 

of aniline and the aminophenol isomers using an SP-2100 
capillary column with electron capture detection. 

Peak 1: aniline; 2: benzylamine; 3: 2-aminophenol; 

4: 3-aminophenol; 5: 4-aminophenol. Chromatographic 
conditions are described in the text. 
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nmoles/100 mL H20 


Calibration graphs for acyl derivatives of aminophenol 
isomers and aniline in the concentration range 5-50 nmoles 
in 100 mL distilled water. O: 2-aminophenol; O: 3- 
aminophenol; (J: aniline; @: 4-aminophenol. Chromatographic 
conditions for the SP-2100 capillary column equipped with 
an ECD are given in the text. Benzylamine (2.5 nmoles/ 

100 mL) was used as the internal standard for calibration. 
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procedure developed here, therefore, is capable of measuring these 
compounds at concentrations well below these acceptable limits. A 
number of procedures have been reported for the analysis of amino- 
phenols and aniline. It is difficult to compare the sensitivity 
achieved using the developed aqueous acetylation-trifluoroacetyl ation 
method to those in the literature because units expressing the 
"minimum detectable" concentration are often inconsistent and vague. 
Various investigators report detection sensitivities in wg per volume 
(236) pimolesisper 1iter0(232,233) or ppm (137) sebuturai] ito specify 
the actual volume analyzed and do not indicate the minimum volume 
which could be injected onto the HPLC or GLC column. Kulikova et al. 
(299) were able to detect as little as 150 ng of ANI when a 
trifluoromethoxytetrafluoropropionyl anilide was prepared following 
benzene extraction of a 50 mL water sample. In contrast the two-step 
acylation method developed in the present study permits the analysis 
of aqueous solutions containing 10 ng/100 mL of ANI and APs using 
capillary ECD-GLC. The sensitivity of the capillary ECD-GLC 
procedure also compares favourably with existing HPLC methods. With 
amperometric monitoring of the HPLC column effluent, Sternson and 
DeWitte (233) reported a detection limit of 1 x 10°® Mg Setx 10°? 
and 1 x 107° M for 4-AP, 2-AP and ANI, respectively. 3-AP was not 
included and their study did not specify the actual water volume 
extracted. Using the two-step procedure developed in this study, the 
capillary ECD-GLC detection limit for acylated ANI, 2-, 3- and 4-AP 
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is equivalent to 1 x 10 ~ M. Furthermore, it was possible to detect 


0.1 nmoles of all four compounds in a 100 mL aliquot of water; 
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analysis of a one litre sample was not required. The minimum 
detectable concentrations of ANI, 2-, 3- and 4-AP, therefore, have 
been reduced significantly by the developed procedure. 

Many electron-capture sensitive derivatives of ANI, 3-CA, 4-CA, 
3-C1-4-MeA and 4-BrA, prepared to improve the GLC detection 
sensitivity, do not allow simultaneous resolution of the halogenated 
anilines. Of the various derivatives prepared by Bradway and Shafik 
(137), only those obtained by reaction with PFPA and HFBA gave clean 
chromatograms at low concentrations. PFPA was considered the reagent 
of choice, even though derivatives of 3-CA and 4-BrA could not be 
resolved from 4-CA and 3-Cl-4-MeA, respectively. 

In the present study, following the aqueous acetylation / 
extraction procedure N-acetates of 3-C1l-4-MeA could be easily 
separated from 4-BrA (Figure 31) using a 0.2% Carbowax 20M column. 
N-Acetyl-3-chloroaniline and N-acetyl-4-chloroaniline still had 
virtually identical retention times and could not be resolved. 

The acetylated aniline derivatives were further reacted with 
TFAA. As shown in Figure 32, complete resolution of the N-acetyl-N- 
trifluoroacetyl anilines and BA was achieved within 7 min using a 3% 
OV-17 column (1.68 m) run under isothermal conditions at 140°C. 
While many of the herbicides listed in Table I are degraded to form 
3- and 4-CA, herbicides degrading to 2-CA are not commonly available. 
The 2-CA isomer has not been included in GLC or HPLC methods reported 
in the literature for the analysis of halosubstituted anilines. As 
shown in Figure 33, the N-acetyl-N-trifluoroacetyl derivatives of 2- 


and 3-CA could not be completely resolved. 
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Computer-reconstructed total ion trace of N-acetylated 
anilines using a 0.2% Carbowax column. Peak 
identification of acetylated derivatives 1: benzylamine; 
2: 3-chloroaniline and 4-chloroaniline; 3: 3-chloro-4- 
methylaniline; 4: 4-bromoaniline. Chromatographic 
conditions: Isothermal at 190°C. 
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Figure 32. Gas-liquid chromatographic separation of N-acety1-N- 
trifluoroacetylanilines using a 3% OV-17 column (1.68 m). 
Peaks are acyl derivatives of 1: aniline; 2: benzylamine; 
3: 3-chloroaniline; 4: 4-chloroaniline; 5: 3-chloro-4- 
methylaniline; 6: 4-bromoaniline. Fifty nmoles of each 
compound in 100 mL H,0 were acetylated and trifluoro- 
acetylated as described in the text. Chromatographic 
conditions: Isothermal at 140°C. 
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Figure 33. Gas-liquid chromatographic separation of 2-chloroaniline 
(1), 3-chloroaniline (2) and 4-chloroaniline (3) as 
N-acetyl-N-trifluoroacetyl derivatives. Chromatographic 
conditions: 3% OV-17 (1.68 m), 130°C isothermal. 
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The trifluoroacetylation reaction proceeded to greater than 97% 
completion for all of the anilines. Traces of residual acetanilides, 
which were present following trifluoroacetylation, were much less 
volatile and did not interfere with the GLC analysis of the N-acetyl- 
N-trifluoroacetyl derivatives. The diacylated anilines were stable 
for 2-3 hr; however, only 20-50% of the diacyl compounds remained 
after storage at 4 °C for 14 hr. N-Acetanilides and N-trifluoro- 
acetanilides were present as decomposition products (Figure 34). 

Calibration graphs for each of the derivatized anilines were 
linear over the 5-100 nmoles/100 mL concentration range using the 3% 
OV-17 column (1.68 m) and FID. The minimum detectable concentration 
was 1 nmole/100 mL. Since only 1 ul of the final derivative 
preparation (20 ul) was chromatographed, this represents an injection 
of 0.05 nmoles “on-column”. The use of an ECD in combination with a 
capillary column substantially increased the detection sensitivity. 
The calibration graphs obtained (Figure 35) were linear over the 
concentration range 1-20 nmoles for each of the five anilines when 
dissolved -in.100 mL of distilled water. The minimum detectable 
concentrations for aniline and each of the substituted anilines were 
0.1 nmoles/100 mL and 0.05 nmoles/100 mL, respectively. This is a 
substantial improvement over the ECD-GLC limit of between 3.2-6.3 
nmoles/100 mL reported (300) for 3,4-dichloroaniline following 
derivatization with CAA. The ECD detection limit determined in the 
present study represents an "on-column" injection of 0.33 pmoles of 
ANI and 0.17 pmoles of the substituted anilines. The two-step 


acetylation/trifluoroacetylation procedure for GLC not only provides 
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Figure 34. Computer-reconstructed total ion trace of decomposition 
products of N-acetyl-N-trifluoroacetyl-3-chloroaniline 
following 14 hr storage at 4°C. Peak identification 
1: N-trifluoroacety1-3-chloroaniline; 2: N-acetyl-N- 
trifluoroacetyl-3-chloroaniline; 3: N-acety]l-3- 
chloroaniline. Chromatographic conditions: 3% OV-17 
(1.68 m), 170-200°C at 8°/min. 
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Figure 35. ECD calibration graphs for diacylated aniline derivatives 
in the concentration range 1-20 nmoles in 100 mL distilled 
water. 

O, Aniline; , 3-chloroaniline; @, 4-chloroaniline; 
CJ, 3-chloro-4-methylaniline; A, 4-bromoaniline. 


Benzylamine (5 nmoles/100 mL) was used as the internal 
standard for calibration. 
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improved sensitivity for anilines and aminophenols, but also allows 
the analysis of complex aniline mixtures which were unresolved when 
other analytical procedures were utilized. 

Singh et al. (191) have reported the derivatization of ethylene 
thiourea in water using DCAA. In this one-step extraction and 
derivatization method, ethylene thiourea was partitioned from water 
into the organic phase which contained DCAA using acetonitrile as a 
phase transfer reagent. For comparison with the aqueous acetylation 
procedure developed in this study, the phase transfer method 
developed by Singh et al. was applied to the derivatization of the 
aminophenols and anilines with CAA and DCAA. If these chloro- 
acylation reactions were successful, an electron-capture sensitive 
derivative would be formed in the direct aqueous derivatization step. 
The detection limit of these derivatives could be further enhanced by 
reaction with TFAA. The phase transfer reactions of CAA with 
aminophenols, however, produced both monoacylated and diacylated 
products in almost equal concentrations. As shown in Figure 36, the 
two products of the CAA phase transfer reaction with 4-AP were 
identified by their mass spectra. The phase transfer reactions of 
DCAA with anilines also did not proceed to completion. When 4-CA was 
reacted with DCAA followed by TFAA, the complex chromatogram shown in 
Figure 37 was obtained. The mass spectra of the three reaction 
products identified as trifluoroacetyl-(A), dichloroacety1l-(B) and 
trifluoroacetyl] dichloroacetyl-4-chloroaniline (C), are shown in 
Figure 38. The presence of the large dichloroacety]l peak may 
indicate that the trifluoroacetyl dichloroacetyl derivative was 


unstable and subject to decomposition. 
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The monoacyl (A) and diacyl (B) derivatives of 
4-aminophenol, produced by phase transfer reaction 
with chloroacetic anhydride, are easily identified 
by their mass spectra. 
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Computer-reconstructed total ion trace of the products 
obtained following the derivatization of 4-chloroaniline 
with DCAA and TFAA in a two-step procedure. Peak 1: 
N-trifluoroacety1l-4-chloroaniline; 2: N-dichloroacety]- 
N-trifluoroacety]l-4-chloroaniline; 3: N-dichloroacety1- 
4-chloroaniline. Chromatographic conditions: 3% OV-17, 
isothermal at 190°C. 
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m/z 


Figure 38. Three reaction products, identified by their mass spectra 
as trifluoroacetyl-(A), dichloroacetyl-(B) and trifluoro- 
acetyl dichloroacetyl-4-chloroaniline (C), were obtained 
by reaction of 4-chloroaniline with dichloroacetic 
anhydride followed by trifluoroacetic anhydride. 
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4. Derivatization and GLC Analysis of Morphine Alkaloids 


In any quantitative GLC method for the analysis of morphine, the 
most critical step is sample extraction. Morphine is an amphoteric 
molecule and its quantitative recovery from aqueous solution is 
difficult; long and tedious extraction sequences are common features 
of most GLC methods. Cole et al. (268), however, described an 
extractive alkylation method which dramatically simplified the 
recovery and derivatization of morphine. In the work reported here, 
the use of aqueous acylation for the simultaneous extraction and 
derivatization of morphine was investigated as a simple alternative 
to the published extractive alkylation method. 

In alkaline (NaHCO. ) aqueous solution, morphine reacts 
quantitatively with both propionic and acetic anhydride to produce 
the corresponding 30-acylmorphine derivatives (Scheme 10). While 
diacetyl derivatives are obtained following the reaction of morphine 
with acetic anhydride in pyridine (280), the alcoholic hydroxyl group 
is not acylated in the presence of water. As expected, the reaction 
of codeine with acyl anhydride reagents in alkaline aqueous medium 
(Scheme 10) failed to produce acylated derivatives. 

Plausible fragmentation sequences which explain the formation of 
the major ions in the mass spectrum of 30-acetylmorphine (Figure 39) 
are indicated in Figure 40. Following the loss of ketene from the 
molecular ion, two possible fragmentation pathways of the odd 
electron ion m/z 285 (Ia and Ib) can be suggested to explain the 


other major ions in the spectrum (301-304). The mass spectrum of 
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30-propionylmorphine could also be described by fragmentation 
sequences similar to those shown in Figure 40. 

The 30-acylmorphine derivatives were quantitatively extracted 
from aqueous solution into chloroform:isopropanol. Unlike the 
commonly prepared perfluoroacyl] and silyl derivatives, the 30-acyl- 
morphine compounds ere not subject to decomposition in the presence 


of moisture . ine -calabration graph for *0-propionylmorphine, 
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Figure 39. As indicated by the mass spectrum, the 30-acetylmorphine 
derivative is produced by the reaction of morphine with 


acetic anhydride in aqueous alkaline solution. 
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Figure 40. Plausible mass spectral fragmentation pathways of 
3Q0-acetylmorphine. 
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prepared over a concentration range of 0.1-1.0 mg/mL, was linear; the 
FID-GLC detection limit was 200 ng/mL. 30-acylmorphine derivatives 
were further reacted with TFAA, HFBA or PFPA in order to prepare 
compounds suitable for analysis by the more sensitive electron 
capture detector. Following the perfluoroacylation step, however, 
complex chromatograms containing mixtures of monoacylated and 
diacylated morphine derivatives were obtained. 

A morphine derivative amenable to ECD-GLC could more easily be 
prepared by phase transfer reaction with PFBC (194). PFBC, like 
acetic and propionic anhydride, reacted only with the phenolic 
hydroxyl group in aqueous solution to produce 30-pentafluorobenzoyl- 


morphine as shown in Scheme 11. 
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30-Pentafl uorobenzoylmorphine is substantially less volatile than 
propionyl or acetyl derivatives. Using a 3% OV-17 (0.84 m) column, 
high temperatures (280°C) were required for GLC analysis and 
detection sensitivity was limited by the broad peaks obtained at low 
concentrations. The ECD-GLC detection limit for the pentafluoro- 
benzoyl derivative was 10 ng/mL. Dahlstrom et al. (273) reported a 
GLC method with an electron capture detection sensitivity of 0.75 ng 
for morphine. The procedure, however, involved a complex extraction 
of morphine from the plasma sample prior to derivatization with PFPA. 
Though poorer detection sensitivities were achieved using acetic 
anhydride, propionic anhydride or PFBC, the aqueous acylation and 
phase transfer procedures were rapid and simple. Reasonably 
sensitive analysis was still possible and quantitative extraction was 


attained in a single step. 


B. METHOD APPLICATION - ANALYSIS OF BIOLOGICAL, ENVIRONMENTAL AND 
FORENSIC SAMPLES 


In parallel with all of the biological, environmental and 
forensic samples analyzed, a distilled water sample of comparable 
volume was run through all acylation, cleanup and concentration 
Steps. Each "blank" ensured that no significant contamination was 
introduced during the analytical procedures. Calibration graphs for 
quantitative analysis were prepared using internal standard addition. 
Volumes of distilled water, comparable in size to the samples in each 


study, were spiked with appropriate concentrations of the authentic 
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standard stock solutions. Compounds were tentatively identified by 
comparing GLC retention time values against those obtained for 
standards similarly derivatized. Confirmation of identity was 
achieved by comparing the mass spectra of unknown compounds with 


those of authentic standards. 
1. Urine Samples 


a) Analysis of Anilines 

Sensitive and specific methods are required to monitor 
environmental and occupational exposure to the many pesticides 
(Table I) which produce aniline and substituted-aniline urinary 
metabolites. It has been demonstrated that the aqueous 
acetylation-trifluoroacetylation method allows the resolution 
and sensitive detection of ANI, 3-CA, 4-CA, 4-BrA and 3-Cl- 
4-MeA. Application of the described analytical procedure to a 5 
mL urine sample, to which 100 nmoles of BA and 50 nmoles of each 
aniline were added prior to acid hydrolysis, gave satisfactory 
results (Figure 41 A) using FID-GLC. The derivatized extract of 
a normal hydrolyzed urine sample (Figure 41 B) did not contain 
detectable herbicide metabolites nor large peaks which would 
interfere with the quantitation of 3-CA, 4-CA, 4-BrA or 3-C1-4- 
MeA. At very low concentrations requiring high GLC detector 
gain, the aniline peak may be located in the solvent tail of 


some samples. 
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Figure 41. GLC analysis of derivatized extracts of hydrolyzed urine 

samples (5 mL) using a 3% OV-17 column with FID detection. 
A. Urine sample spiked with 50 nmoles of each aniline and 
100 nmoles of benzylamine. B. Blank urine sample. Peaks 
are derivatives of 1: aniline; 2: benzylamine; 3: 3-chloro- 
aniline; 4: 4-chloroaniline; 5: 3-chloro-4-methylaniline; 
6: 4-bromoaniline. Chromatographic conditions: Isothermal 
at 140°C (1.68m, 80-100 mesh). 
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b) Analysis of Chlorophenols by Selected Ion Monitoring-Mass 
Spectrometry 


The SIM programs shown in Tables XVI and XVII, designed to 
detect acetate and propionate derivatives of PHE, o-CRE, p-CRE, 
e-MGPS E4-MCP. 2,4-DCP, §2,6-DCP, t'2,455-1CP, 2,4,6-TCP, 
2,3,4,5-TeCP, 2,3,4,6-TeCP, PCP and internal standard 4,6-DBC, 
were applied to the analysis of these compounds in urine. Urine 
samples, collected from individuals without known exposure to 
chlorophenols, were examined. Acylated extracts of hydrolyzed 
urine samples contain complex mixtures of natural organic 
compounds which are not removed by the simple extraction-cleanup 
procedure described in Materials and Methods. As shown in 
Figure 42, it was impossible, using FID, to confirm the presence 
of the trace chlorophenols present because of the organic 
background; only the normal urinary phenolic constituents PHE 
and p-CRE were easily identified. Since m- and p-cresyl] 
acetates are not resolved gas chromatographically using an 
SP-1240 DA column, it was impossible to ascertain whether a 
mixture of both of these isomers was present. As shown in 
Figure 43, an SP-1000 column, which allows the resolution of 
cresol isomers, can be used to establish that the normal urine 
samples examined did not contain o- or m-cresol. 

A number of methods for GLC analysis of biological fluids 
have included extensive purification steps on alumina, Florisil 
and XAD columns (77, 89, 107). Edgerton and Moseman (72) found 
column cleanup to be essential for the determination of PCP at 


levels below 30 ppb. Following the analysis of over 400 urine 
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Peak identification, acetate 
derivatives of: 
1. Phenol 
2. o-Cresol 
3. p-Cresol 
4. 2-Chlorophenol 
5. 4-Chlorophenol 
6. 2,6-Dichlorophenol 
7. 2,4-Dichlorophenol 
8. 2,4,6-Trichlorophenol 
9. 2,4,5-Trichlorophenol 
10. 2,3,4,6-Tetrachlorophenol 
11. 4,6-Dibromo-o-cresol 
12. 2,3,4,5-Tetrachlorophenol 
13. Pentachlorophenol 
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Trace concentrations of the chlorophenols included in 
the standard mixture (I) were difficult to distinguish 
from normal constituents found in acetylated extracts 
of human urine (II) using FID-GLC. Chromatographic 
conditions: 1% SP-1240 DA, 75-170°C at 8°/min. 
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Figure 43. Acetylated extracts of a normal urine sample (I) contained 
phenol (1) and p-cresol (4); o-cresol (2) and m-cresol (3) 
were not detected. A standard mixture (II) containing 
acetylated derivatives of phenol (1), o-cresol (2), 
m-cresol (3) and p-cresol (4) is shown below. Chromato- 
graphic conditions: 0.1% SP-1000, isothermal at 210°C. 
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samples collected from the general U.S.A. population (305), mean 
PCP and 2,4,5-TCP concentrations were found to be less than 6 
ppb. These concentration levels were at the limits of the 
specified detection range for the ECD-GLC method used. At these 
levels, therefore, the phenolics of interest are difficult to 
distinguish from background or baseline drift using FID or ECD 
even following lengthy isolation procedures. GLC retention 
times cannot be used for the unequivocal identification of 
chlorophenols because other components in the sample may possess 
coincident retention times. The major limitations of Ax 
Chromatographic methods using FID or ECD are inadequate 
selectivity and specificity. SIM-MS provides more selective 
detection with sensitivity comparable to ECD and can be used to 
confirm the presence of trace phenol levels in biological 
extracts. 

The phenols listed in Table XV, added to urine samples at 
concentrations as low as 1 pmole/mL, could be detected by SIM-MS 
following aqueous - acylation. PCP acetate, for example, was 
detected by adjusting the MS to monitor only the ion currents of 
the m/z 266 base peak (due to the loss of ketene from the 
molecular ion) and its isotope cluster ions m/z 264, 268 and 
270. As shown in Figure 44, the MS in total ion current mode 
(B) produced a response for all the volatile organic components 
in the acetylated urine extract which entered the jon source. 
Acetylated PCP, present in the sample at a retention time of 9.6 


min, was masked by other constituents. In contrast, using SIM 
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Figure 44. Using SIM-MS (A), the derivatized PCP residue present in 
the acetylated urine sample could easily be distinguished 
from the other natural urinary constituents detected by 
the mass spectrometer in total ion mode (B). Chromatographic 
conditions: 1% SP-1240, 75-170°C at 8°/min. 
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(A) a detector response was obtained only for the PCP derivative 
present in the injected sample. Other compounds in the GLC 
effluent with similar retention times but which lacked the ions 
being monitored were no longer detected. PCP was unequivocally 
identified, since all four jon current peaks were present at the 
GLC retention time which matched that of the authentic standard. 

The SIM profile of a urine sample derivatized with acetic 
anhydride is shown in Figure 45. The sample, containing added 
4,6-DBC internal standard, was found to contain PHE, p-CRE, 
2,3,4,6-TeCP and PCP. In order to provide conclusive 
identification of the presence of a phenolic compound, peaks 
must be observed at all the monitored diagnostic ions at the 
expected retention time of the standard compound. Although a 
number of peaks are present in Figure 45, in the jon current 
groups II and III, DCPs and TCPs were not present in the sample. 
In order to confirm the presence of these chlorophenols, peaks 
must be observed simultaneously at all of the jon currents set 
to detect them. 

At very low chlorophenol concentrations, column adsorption 
phenomena affected the detection of PCP. After many injections 
onto the SP-1240 DA column, PCP could no longer be detected in 
extracts of samples spiked with the standard mixture of thirteen 
phenols. Wu et al. (178) reported similar effects for analysis 
of PCP in extracts of rainbow trout tissue. It was observed in 
the present procedure that PCP could no longer be detected if 


the column became contaminated with extraneous sample 
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SIM-MS analysis of an acetylated urine sample identified 
the presence of phenol (1), p-cresol (3), 2,3,4,6-tetra- 
chlorophenol (10) and pentachlorophenol (13). 4,6-Dibromo- 
o-cresol (11) was added as internal standard. Ion groups 
and peak numbers correspond to the SIM-MS program outlined 
in Table XVI. Chromatographic conditions: 1% SP-1240 DA, 
19-1 OFG aces / man. 
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constituents. Adsorption effects of the other twelve phenols 
included in this study were not as pronounced as those 
experienced with PCP. If the glass wool plug and the first few 
inches of column packing material were replaced regularly, 
losses of PCP on column were minimized. Of the twenty-five urine 
samples analyzed by SIM-MS following derivatization with both 
propionic and acetic anhydride, more than 90% contained 


detectable levels of PCP. 


Environmental Water Samples 


a) Study of Nitrophenols in the Athabasca River 

Methyl] and ethyl parathions (Table I), among the most 
commonly used biodegradable pesticides in North America (188), 
are degraded to 4-NP. Both 2-NP and 4-NP are listed by the 
World Health Organization (52) and the EPA (293-295) as priority 
pollutants. The parathion pesticides, as well as other 
industrial chemicals and dyes (20, 22, 192), may contribute to 
the concentration of the nitrophenols found in river waters. 
Athabasca River samples were examined for the presence of 2- and 
4-NP. When 750 mL samples, containing 0.1 ymoles of 1-NAP 
internal standard, were treated with acetic anhydride, peaks 
corresponding to the retention times of acetylated 2- and 4-NP 
were not detected. Phenolic compounds, other than traces of 
PHE, o-CRE and p-CRE, were not detected using SIM-MS. If the 


Athabasca River contained nitrophenols, they were present at 
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concentrations well below the EPA upper limits of 250 and 100 
ug/L for 2- and 4-NP, respectively, in drinking water (Table 
XI). The U.S.S.R. has introduced much more stringent guidelines 
for nitrophenol content in drinking water. Based on sanitary 
and toxicological grounds, concentration limits of 100, 60 and 
20 pg/L (1, 52) have been set for 1-NAP, 2-NP and 4-NP, 
respectively. Had samples of Athabasca River water contained 
these compounds in excess of the U.S.S.R. limits this could 
easily have been confirmed using the aqueous acetylation 
procedure described here. 

The persistence of organic compounds in water is. very 
dependent on the aquatic system and its indigenous microflora. 
In marine water samples (306) carbaryl completely disappeared 
after a seventeen day incubation at 20°C with 43% conversion to 
1-NAP. 1-NAP is as toxic to a number of aquatic species (307) 
as the original pesticide, carbaryl. The stability of phenolic 
pesticide metabolites is important, therefore, not only because 
these compounds are markers for monitoring pesticide 
contamination but also because of their inherent toxicity. A 
recent review of the literature concerning phenolic compounds in 
water (1) contained few references dealing with the fate of 
phenolics in aqueous ecosystems. In the present study (Figure 
46), when 1 umole/L of 2-NP, 4-NP and m-CRE were each added to 
Athabasca River water, the concentrations of both nitrophenols 
remained virtually unchanged over the 2-week sampling period, 


whereas the concentration of m-CRE rapidly declined within three 
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Figure 46. 
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The metabolism of (A) 2-nitrophenol and (B) m-cresol added 
to Athabasca River water each at concentrations of | 
umole/L. The amount of original phenol remaining was 
calculated using internal standard addition. 
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days. These results compare favourably to those reported by 
Chambers et al. (48) for the degradation of phenols and other 
aromatic compounds by organisms isolated from muds at a 
catalytic cracking plant waste lagoon. It was reported that o-, 
m- and p-CRE were oxidized more readily than dimethyl-, 
chloromethyl-, nitromethyl-, chloronitro-, nitro-, and 


aminophenols. 


b) Identification and Quantitation of Phenols in North 
Saskatchewan River Water and Edmonton Municipal Snow Dumps 


The major objective of this study was to assess the effect 
of melting snow, from municipal snow dumps located along the 
river, on the concentration of phenols in North Saskatchewan 
River water. FID-GLC and GLC-MS were used to analyze water and 
melted snow samples from municipal snow dumps for the presence 
of the forty-one phenolics listed in Table XI. The Department 
of Health and Welfare (Canada) (36) has emphasized that 
chlorophenols are of particular concern in the assessment of 
drinking water quality. Therefore, in addition to FID-GLC and 
GLC-MS, river water and snow dump samples were more thoroughly 
screened for a series of nine chlorophenols using SIM-MS. 

Phenolic compounds in water samples undergo both chemical 
and biological decomposition with storage (307-309). Carter and 
Huston (308) reported that 40% of the PHE added to treated 
sewage samples was lost during 24 hr storage at 4°C. Addition 
of acid, alkali or copper sulfate plus phosphoric acid allowed 


the storage of samples for up to eight days at 4°C without 
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decomposition. In this study, all of the samples were collected 
in duplicate; one set was preserved with CuSO, °SH,0 and H2P0), 
while no preservatives were added to the second set of Samples. 
Both preserved and unpreserved samples, analyzed as soon as 
possible after collection, gave identical chromatograms. The 
presence of the CuSO, preservative did not interfere with the 
effectiveness of the aqueous acetylation procedure. 

When North Saskatchewan River samples from up- and down- 
stream of a snow dump site were acetylated following the 
addition of internal standard 4,6-DBC, gas chromatograms similar 
to those shown in Figure 47 were obtained for all samples. The 
only phenolic compound which could be detected by FID-GLC in 
Samples collected both up- and downstream of the snow dump site 
on March 4, 5 and 6, 1981, as well as in the composite samples, 
was PHE itself. The concentration of PHE found in the North 
Saskatchewan River ranged from 0.25-0.5 yg/L; concentrations in 
samples from up- and downstream of the snow dump site were 
similar. As shown in Table XIX, SIM-MS analysis of the river 
water samples further identified traces of o-CRE, p-CRE and PCP. 

A duplicate set of river samples, comparable to _ those 
collected in this study for GLC analysis, were sent to a private 
consulting firm for "phenol" analysis. The colorimetric 4-AAP 
test (256) was performed. River water samples from up- and down- 
stream of the snow dump site were reported to contain 
‘phenolics save econcent rations sit ¢3etS/lesata <1 wo/L. 


respectively. These "total phenolics" results, as expected, 
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Figure 47. 
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Gas-liquid chromatograms of acetylated extracts of North 
Saskatchewan River Water: (A) Composite sample from 
downstream (east) of the snow dump site. (B) Composite 
sample from upstream of the snow dump site. Only phenol 
(1) was identified by FID-GLC. 4,6-Dibromo-o-cresol (2) 
was added to the sample as the internal standard. 
Chromatographic conditions: 1% SP-1240 DA, 75-170°C at 
4°/min. 
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Table XIX. Chlorinated Phenols Identified in the North Saskatchewan 
River and Snow Dump Sites Using Selected Ion Monitoring- 
Mass Spectrometry 


Phenol 


phenol 

o-cresol 

p-cresol 

2-chlorophenol 
4-chlorophenol 

2 ,4-dichlorophenol 

2 ,6-dichlorophenol 
2,4,6-trichlorophenol 
2,4,5-trichlorophenol 
2,3,4,5-tetrachlorophenol 
2,3,4,6-tetrachlorophenol 


pentachlorophenol 


+= present; - = absent 


N. Saskatchewan River Snow Dump 
Upstream Downstream 
of Snow of Snow 
Dump Dump SDX-1 SDX-2 SDX-3 
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were considerably higher than those obtained by the eoecrrie 
quantitative assay of PHE using FID-GLC. The many complex, 
large molecular weight phenolic substances not detected gas 
chromatographically and nonphenolic interfering substances which 
react with 4-AAP may account for the discrepancy in reported 
phenol values. 

Results of both GLC and colorimetric methods confirmed that 
the concentration of phenolics in the North Saskatchewan River 
was not detectably altered by runoff from the snow dump. If an 
increase in phenol concentration had been observed downstream of 
the snow dump, colorimetric analysis could not have conclusively 
incriminated the snow dump as the source of these phenols. In 
contrast, the GLC detection of specific phenolic compounds in 
snow dump and down-river water samples, which were absent from 
up-river samples, could have pinpointed the source of pollution. 

Figure 48 shows the FID gas chromatogram obtained from an 
acetylated extract of a snow sample. PHE, o-CRE, p-CRE and two 
peaks identified as either ethyl- or dimethylphenols were 
detected in all of the snow dump samples. The two alkylphenols 
could not be unequivocally identified since several isomers of 
ethyl- and dimethylphenols have similar GLC retention times as 
well as similar mass spectra. Table XX summarizes the 
concentrations of PHE, o-CRE and p-CRE found in the three snow 
dump sites analyzed. In all three samples, p-CRE was the major 
simple phenolic constituent. Using SIM-MS (Table XIX), trace 


levels of 2,4-DCP, 2,3,4,6-TeCP and PCP were also identified. 
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Time (min) 


Gas-liquid chromatogram of an acetylated extract of a snow 
dump site (sample SDX-81-1). The sample contained phenol 
(1), o-cresol (2), p-cresol (3) and two unidentified 
dimethyl- or ethylphenols (4). Internal standard 4,6- 
dibromo-o-cresol (5) was added to the sample prior to 
acetylation. 
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Table XX. Concentrations of Phenols (in wg/L = ppb) Found in 


Snow Dump Samples 


Phenolic Compound 


phenol 
o-cresol 


p-cresol 


Site 
SDX-1 SDX-2 SDX-3 
B23 a, 4.7 
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Geo oe L028 
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The simple phenols detected in snow samples may have been 
derived from a number of different sources. Roumeliotis et al. 
(29) identified PHE, CREs, DMPs and trimethylphenols in 
automobile engine exhaust. These phenols are also associated 
with industrial effluents from petrochemical plants or petroleum 
refineries (22-27). The chlorophenols are commonly introduced 
as decomposition products of agricultural pesticides (Table II). 
Alternatively, leaf litter and soil are natural sources of 
simple phenolic compounds. 

The river water downstream of the snow dump did not reflect 
the phenolic composition of the melted snow samples. The flow 
volumes of the North Saskatchewan River were apparently 
sufficient to dilute the concentration of phenolics in the 


incoming discharge from the melting snow. 


c) Analysis of Simple Phenols in Raw and Treated North 
Saskatchewan River Water 


During the past few years, a great deal of public concern 
has been focused on the quality of drinking water and, in 
particular, on the presence of organic contaminants in water 
used for human consumption. Many compounds, including aliphatic 
acids, aromatic hydrocarbons, amines, lower fatty acids, esters, 
aldehydes, ketones, sulphides, mercaptans and phenols, have been 
linked to taste and odour problems in potable water (1). 
Several phenolic compounds, particularly the chloro- and 
dichlorophenols, create detectable odours and "medicinal" tastes 


at ppb levels and below (36). 
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Each year, during the spring runoff period, drinking water 
quality problems are experienced by the City of Edmonton. The 
objectionable odour and taste of treated drinking water has 
often been attributed to "phenolics", however, the exact nature 
of the compounds responsible has not been conclusively 
determined. In this study, raw North Saskatchewan River water 
samples, collected in the winter, spring and early summer, were 
analyzed for the presence of the forty-one phenols shown in 
Table XI. It has been reported (35, 310) that chlorophenols may 
be formed during chlorination processes. Treated water samples 
were, therefore, also analyzed, in conjunction with raw water 
samples, in order to determine whether compounds not present in 
raw source water were formed during the treatment DiOCESS: 

When water samples (3 L) were acetylated and extracted, gas 
chromatograms similar to those shown -in Figure 47 were obtained 
for both raw and treated water samples on all three sampling 
dates. Only phenol itself was present in high enough 
concentrations to be detected by FID-GLC. Using SIM-MS, trace 
hovel smeot yO=CREY eC RE.) 2o3.4e6spebPssand.» PGR ewene also 
unequivocally identified. Concentratthons,..for,.al1,.of,, the 
phenolic components were estimated to be below 0.1 wg/L. 
Further, no simple phenolic compounds were detected in treated 
waters which were not present in the corresponding raw river 
water samples. A more extensive sampling program would be 
required to confirm that phenolic compounds cannot be implicated 
in the drinking water taste and odour problems during spring 


runoff. 
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d) Analysis of Phenols in Industrial Waters 

Syncrude Canada Ltd. currently operates an oil sands 
extraction plant based on an open pit mining approach in the 
Athabasca oi] sands; the surface mining site is shown in Plate 
i The production of synthetic crude oil from raw bitumen 
(Plate 2) is accomplished in three basic steps, oi] sand mining, 
bitumen extraction and bitumen upgrading. In the extraction 
process, mined oil sand is agitated with the addition of water 
and steam. Two sources of water, recycled process water and 
fresh water, are used. Sodium hydroxide is added to raise the 
pH of the slurry to approximately 8.5 and the temperature is 
increased to 80°C. The bitumen is extracted and a slurry of hot 
water and "tailings" (50% solids by weight) is transported by 
pipeline to the tailings pond for storage (Plate 3). The 
tailings pond was created in compliance with a "zero discharge" 
policy in which no process-affected waters may be directly 
released into the surrounding aquatic environment. As shown in 
Plate 4, accumulated process waters now occupy an area of 


é and will eventually expand to cover 28 km. 


approximately 15 km 

The toxic process waters are essentially contained within a 
large and continuously growing artificial system. Any leakage 
fron the dykes surrounding the tailings pond is controlled by a 
drainage system (Plate 5) which eventually pumps the escaping 
water back into the pond. Evaporation, precipitation and 


percolation into surrounding aquifers are three processes which 


cannot be strictly controlled. It is important to ensure that 
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Plate 1. Syncrude Canada Ltd. 071 sands mining site, north of 
Fort McMurray, Alberta. 
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Plate 2. Raw bitumen (right) is converted to the final product, 
synthetic crude (left), by a series of upgrading steps. 
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Plate 3. Process effluent discharge point into the tailings pond. 
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Plate 4. Syncrude Canada Ltd. tailings pond (Ref. 312), 
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Plate 5. Tailings pond drainage water outlets feed leakage into a 
coldector ditch: 
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tailings effluents leak neither into surface water bodies nor 
into the ground water regime. In this study, simple phenols, 
present in oil sand process-affected waters, were used as tracer 
compounds to follow the possible seepage of the tailings pond 
into surrounding natural water systems. 

FID-gas chromatograms of tailings pond water samples, 
acetylated and extracted 6 hr and 48 hr following sample 
collection are shown in Figure 49 A and 49 B, respectively. 
PHE,, O-, m-\ and’ p-CRE and four different dimethyl- or 
ethyl phenols were identified in the fresh tailings pond sample 
(Figure 49 A). The 48 hr storage period at 4°C dramatically 
altered the phenolic composition of the tailings pond water; 
less than 10% of the PHE concentration originally in the sample 
remained. The loss of phenolic compounds from other unpreserved 
tailings pond samples was variable, but substantial in all 
cases. The rapid metabolism of simple phenols present in the 
tailings pond waters clearly demonstrated the importance of 
expedience in analysis of such samples. The gas chromatograms 
shown in Figure 49 were obtained using an OV-101 column. it 
was, therefore, not possible to resolve m- and p-CRE; the ethyl- 
and dimethylphenol isomers present could also not’ be 
unequivocally identified. Using SP-1000 (Figure 50) it was 
demonstrated that all three cresol isomers were present in the 
tailings pond waters. 

FID-gas chromatograms obtained following acetylation and 


extraction of process-affected water samples collected from the 
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Figure 49. Gas-liquid chromatogram obtained following aqueous 
acetylation and extraction of 100 mL of tailings pond 
water 6 hr (A) and 48 hr (B) following sample collection. 
Chromatographic conditions: 5% OV-101, 85-220°C at 8°/min. 
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Time (min) 


Acetylated extracts of a 100 mL tailings pond water sample 
(I) contained acetate ester derivatives of phenol (1), 
o-cresol (2), m-cresol (3) as well as p-cresol (4). Internal 
standard 4-bromophenol (5) was added to the sample before 
analysis. A standard mixture of acetylated phenol, cresols 
and 4-bromophenol is shown below (II). Chromatographic 
conditions: 0.1% SP-1000, 210°C isothermal. 
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dyke drainage, collector ditch and catchment basin are shown in 
Figure 51, Figure 52 and Figure 53, respectively. These samples 
contained only traces of PHE and o-, m- and p-CRE; the presence 
of these compounds was confirmed using SIM-MS. None of the 
Other simple alkylphenols, identified in tailings pond water, 
were present at detectable levels. Chromatograms similar to 
those in Figure 51, Figure 52 and Figure 53 were obtained 
following analysis of all natural surface and groundwaters 
included in this study. 

The SIM-MS program shown in Table XVI was applied to the 
analysis of chlorophenols in acetylated sample extracts in this 
study. While trace levels of PCP and 2,3,4,6-TeCP have been 
identified in North Saskatchewan River water, City of Edmonton 
drinking water and urine samples from the general population of 
Edmonton, no chlorophenol residues could be detected in the 
samples listed in Table XXI. 

The quantitative results summarized in Table XXII clearly 
indicate that simple phenols are very effectively contained 
within the tailings pond. Concentrations of PHE, o-CRE and 
m-/p-CRE in drainage water samples were comparable to those 
observed in natural surface water samples. In the tailings 
pond, concentrations of PHE, o-CRE and m-/p-CRE decreased 
sharply with increasing pond depth. It has been reported (311) 
that the concentration of suspended solids within the pond 
increases with depth, as the particulate matter in the 


extraction process effluent slowly settles to the pond bottom. 
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Figure 51. Acetylated extracts of a 1L dyke drainage water sample 
(I) contained only traces of phenol, o-cresol and m-/p- 
cresol; 4-bromophenol was added as internal standard. 
An acetylated standard mixture (II) containing derivatives 
of phenol (1), o-cresol (2), p-cresol (3) and 4-bromophenol 
(4) is shown below. Chromatographic conditions: 5% OV-101, 
75-220°C at 8°/min, 
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Figure 52. Acetylated extracts of a 1 L collector ditch water sample 
(1) contained only traces of phenol, o-cresol and m-/p- 
cresol; 4-bromophenol was added as internal standard. An 
acetylated standard mixture (II) containing derivatives 
of phenol (1), o-cresol (2), p-cresol (3) and 4-bromophenol 
(4) is shown below. Chromatographic conditions: 5% OV-101, 
75-c20° Eat Oo min. 
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Acetylated extracts of a 1 L catchment basin water 

sample (I) contained only traces of phenol, o-cresol 

and m-/p-cresol; 4-bromophenol was added as internal 
standard. An acetylated standard mixture (II) containing 
derivatives of phenol (1), o-cresol (2), p-cresol (3) and 
4-bromophenol (4) is shown below. Chromatographic 
conditionse: yoo Uv-10 1.5 75-220°Cl ates fmm. 
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Table XXII. Quantitative Analysis of Phenol and Cresols in 
Process-Affected and Natural Water Samples 


1 Concentration“ 
Sample (umoles/L) 
Source Number Description Phenol sg0sCresol se ma/p-Cresol 
PROCESS-AFFECTED WATER: 
8 2m or L0G 0250 
9 6 m 1.08 0.90 0.38 
10 10 m 0.95 O51 De 2a 
Tailings Pond 
(Depth Profile) 11 15 m O35 0.38 028} 
PZ 2m 1755 120 Oey 
13 6 m TGA O25 0%24 
14 10 m Ow 5 0.60 Dae3 
1,2,3,4 Dyke drainage 002 <0.01 <0.01 
Tailings Pond 5 Collector ditch <0.01 <0.01 <0.01 
Drainage 
Gy ty Catchment basin <0.01 aa an Oe <0.01 
NATURAL WATER: 
Lo.cd OW12R ZO. On <(). 01 <0.01 
20325 OW3R <0 <0.01 £0.01 
Groundwater Ze T-2 <0.01 <0.01 a0 
(Piezometers ) 23 OW27R <0.01 <0.01 <0] 
26 T-14 <0.01 <0.01 <0.01 
Ci, OW18R <0.01 <0 Ot <0201 
Hades Sand Pit <0.01 <0.01 <0.01 
Le Mildrid Lake <0.01 <0.01 <0 502 
Surface 
Water 19 Beaver Creek <0.01 <0.01 <O201 
29 Natural drainage 0Q.04 <0.01 <0.01 
over oil sand 
Hot Water 28 Bench scale <O7U8 <0.01 <0.01 
Extracts extraction 


1. Samples 8-11 and 12-14 were taken at two different locations within the 
tailings pond. 
2. Exact concentrations less than 0.01 wmoles/L are not specified. 
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The decrease in PHE, o-CRE and m-/p-CRE concentrations in 
tailings pond water with depth is probably linked to the 
adsorption of these compounds to the era particulate 
matter. Using a 4-AAP colorimetric test, total phenolic 
concentrations in the tailings pond were reported (311) to be 
0.15-0.4 mg/L. These concentration levels are similar to those 
shown in Table XXII. At a 2m depth, for example, the tailings 
pond was found to contain a combined total concentration of 0.33 
mg/L PHE, o-CRE plus m-/p-CRE. The tailings pond, however, also 
contains four dimethyl- and ethylphenols whose concentrations 
were not estimated in this study. It is interesting that the 
distinct phenol concentration gradient evident in Table XxII 
could not be demonstrated using the colorimetric 4-AAP total 
phenols method (311). Sample 28 in Table XXII was prepared by 
the extraction of oil sand on a bench scale simply using hot 
water. Sample 29 was collected from a natural stream flowing 
over exposed oi] sand. Though sample 29 contained slightly 
higher concentrations of PHE than other natural water samples, 
the high concentrations of alkylphenols, cresols and PHE 
contained in tailings pond water were absent from both samples 
28 and 29. This might suggest that these phenolic compounds are 
produced during the hot caustic extraction of oi] sand. 
Groundwater samples, collected from piezometers, were 
similar in phenolic content to natural surface waters; no 
evidence of tailings pond leakage was detected. The rate of 


intrusion of tailings pond water was expected to be minimal 
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because of the relatively impermeable layer of sludge and fines 
which has accumulated on the bottom of the pond (311). 

Despite the absence of tailings pond phenols from ground- 
water samples, the existence of leakage cannot be entirely 
excluded. It is possible that the percolation of tailings pond 
water has been masked by groundwater dilution effects or the 
rapid metabolism of the simple phenols analyzed in this study. 
Though the metabolism of phenolics is rapid in stored tailings 
pond water, Defino and Dube (256) reported the persistence of 
PHE in groundwater for nineteen months following an accidental 
spill. In addition, attempts to dilute the PHE concentration 
with 360,000 L of water was completely ineffectual. In the 
reported incident, PHE was used to monitor and assess the impact 
of the spill. Although leakage from the tailings pond was not 
demonstrated in this study, the aqueous acetylation method was 
successfully applied to the analysis of trace _ phenol 


concentrations in industrial and natural water systems. 


3 Forensic Samples 


In this study, the simple one-step aqueous acylation method was 
applied to the illicit drug screening of street dosage preparations 
for the presence of morphine. Comparison of the gas chromatograms 
obtained following extraction of samples without prior derivatization 
(Figure 54 B) to an authentic standard (Figure 54 A) confirmed that 


heroin was not. present. The samples were acylated in aqueous 
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heroin standard 
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Comparison of the gas chromatogram obtained following 
extraction of an illicit preparation (B),prior to 
derivatization,with an authentic standard containing 
heroin (A) confirmed that heroin was absent from the 
sample. Chromatographic conditions: 3.8% OV-17 (1.68 m), 
290°C isothermal. 
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30-propionyl- 


solution with propionic anhydride and the presence of 
morphine indicated that the illicit preperations contained morphine 
(Figure 55). The presence of morphine was further confirmed by the 
derivatization of the samples with acetic anhydride, which produced a 
peak corresponding to 30-acetylmorphine. Both 30-acylmorphine 
derivatives, identified in the illicit preparations, were 
unequivocally characterized by comparison of their mass spectra to 
those obtained for authentic morphine standards similarly acylated 
(Figure 39). 

Quantitative analysis of propiony] morphine derivatives, using 
benzo(a)pyrene as internal standard, determined that the eight 
illicit samples examined contained 5.8-16.2% (W/W) morphine. The 
aqueous acylation method using propionic anhydride was successfully 
applied to the quantitative determination of morphine in street drug 
preparations. Although acetic anhydride could not be used for the 
analysis of samples containing any combination of morphine, 30-acetyl- 
morphine, °o-acetylmorphine and heroin, in this study aqueous 


acetylation provided additional evidence which further corroborated 


the presence of morphine in the illicit drug samples examined. 
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Gas-liquid chromatograms obtained following derivatization 

of an illicit preparation (A) and authentic morphine standard 
{B) with propionic anhydride in aqueous solution. Peaks 1: 
O-propionylmorphine; 2: benzo(a)pyrene. Chromatographic 
conditions: 3.8% OV-17, 290°C, isothermal. 
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